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ABSTRACT
'Metricizing' Non-metric Craniofacial Traits: Application of 
Three Dimensional Geometric Morphometric Analysis of 
Ancestral Identification
by
Summer Joy Decker
Dr. Jennifer L. Thompson and Dr. Bernardo T. Arriaza, Committee Chairs 
Professors of Anthropology & Ethnic Studies 
University of Nevada, Las Vegas
Non-metric traits are commonly used by anthropologists to distinguish 
between groups for such things as age, sex, and even ancestry. However, many 
non-metric traits cannot be measured with traditional osteological tools. While 
these traditional methods are useful, they do not take individual variation into 
account. This thesis uses geometric morphometric coordinate data to 'metricize' 
such traits and to evaluate their accuracy of correctly assigning unknown 
individuals to statistically defined groups.
A 3-D digitizer was used to collect data from 39 craniofacial landmarks to 
capture the form of several phenotypic facial characteristics. The sample 
consisted of individuals from four different geographic locations (Precontact 
Peru, Historical China, Ancient Nubia, and Modern India). Principal
111
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Components Analysis confirmed that geographic groupings could be identified, 
while Procrustes Analysis and Thin-Plate Splines were used to assess the nature 
of form variation within and between groups. Discriminant functions calculated 
the probability of accurately assigning new individuals to their correct 
geographic group. The results indicate that phenotypic patterns, while variable, 
can be distinguished in certain populations and used successfully to predict 
group membership.
IV
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When you can measure what you are speaking about, and express it in 
numbers, you know something about it, when you cannot express it in 
numbers, your knowledge is of a meager and unsatisfactory kind; it may be 
the beginning of knowledge, but you have scarcely, in your thoughts, 
advanced to the stage of science.
Lecture to the Institute of Civil Engineers, 3 May, 1883
Lord Kelvin (1824-1907)
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CHAPTER 1
INTRODUCTION 
Traditionally, in physical and forensic anthropology "eye-balling" 
subjective methods, known as non-metric traits, have been used in the 
assessment of ancestry (Bass, 1995; Gill, 1990; Rhine, 1990). Their advantage has 
been that they were able to examine morphology that metrics could not. 
However, non-metric traits are often subjective and their success is dependent 
upon the observer's experience. There also can be a tremendous amount of 
variation within and between groups compared. That said. Gill (1990) applied 
non-metric traits of the facial region in ancestral identification with 75% 
accuracy. While this demonstrates the efficacy of such traits, there is obviously 
room for improvement. Therefore, the purpose of this research was to create a 
method which resulted in greater accuracy as well as increased objectivity.
Research Problem 
This study examines the geometric morphological form of skulls in 
individuals of known geographic origin using a suite of craniofacial traits. The
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
traits under examination are ones conventionally assessed as non-metric traits to 
complete forensic biological profiles. As emphasized later, ancestry here refers 
to patterned phenotypic variation that is associated with the individual's place of 
geographic origin, and should not be confused with the term "race" (see Chapter 
2). In this study, however, the form (size and shape) of these traits is captured 
via a series of landmarks, registered as sets of three coordinates, which can be 
visualized and analyzed in 3-dimensional space. In other words, this study 
attempts to capture, metrically, the form of traits usually assessed through 
simple observation. For example, the zygomatic is a bone of particular interest to 
those attempting to identify ancestry of an individual. According to Rhine 
(1990), the angle of the zygomatic, in relation to the entire craniofacial region, can 
vary from retreating to vertical to projecting. The distinction between Caucasoid 
(retreating), Mongoloid (projecting), and Negroid (vertical) is often made by 
placing a pencil across the nasal aperture and by attempting to insert a finger 
between the zygomatic and pencil in order to determine the angle (Bass, 1995). 
While crude "eye-balling" methods are useful while in the field, or for a quick 
assessment, more accurate methods are needed. The greater the precision of our 
method, the more accurate the results will become, a situation of great 
importance, especially in today's often hostile judicial climate. Thus, the aim of 
this study is to quantify or 'metricize' non-metric traits. The hypothesis is 
whether or not these transformed traits are useful in distinguishing between 
ancestral groups.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Hypothesis
Ho= The digitized non-metric traits are not useful in distinguishing between 
ancestral groups.
Ha= The digitized non-metric traits are useful in distinguishing between 
ancestral groups.
Once the landmarks of each trait are metricized, the average, or mean forms 
for each ancestral group can be derived mathematically. The next step in the 
analysis is to compute a statistical function that distinguishes between the 
groups. The statistical program, SPSS (version #11), will be used to conduct this 
portion of the analysis. Since no statistical package yet exists to perform a 
discriminant function (and/or canonical variâtes) analysis of 3-D coordinates, the 
3-D data must be converted mathematically into a linear tangent space to 
undergo analysis (Dryden and Marden, 2000). The outcome of this analysis will 
allow the calculation of the probability of accuracy in assigning a new individual 
to the correct ancestral group. This can be done both by introducing a new 
individual of known geographic origin into the sample to see if it is grouped 
appropriately, but also by using cross-validation techniques (Strand Vidarsdottir, 
et a l ,  1999, 2001, 2002). This aspect of the analysis is necessary to assess the 
efficacy of this new method and evaluate whether it should replace the more 
subjective non-metric methods. Thus, the objective of this thesis is twofold; 1) to 
capture or 'metricize' non-metric traits used traditionally in ancestral
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
identification; and, 2) to evaluate the accuracy of doing so in correctly assigning 
unknown individuals to the statistically defined groups.
Overall, this study aims to increase our knowledge of applications of new 
technologies and methods available to forensic anthropology that augment 
traditional osteological methods and that may ultimately increase precision in 
human identification. Ancestral identification, though often shrouded in 
controversy, continues to be an integral component of the biological profile. This 
controversy is, in part, the result of a misunderstanding of what analysis is being 
done and what questions it can, and is trying to, answer.
Ancestral identification is not 100% accurate since many of the boundaries 
surrounding a population group are ambiguous due to overlaps of 
traits/features between populations and the fact that not all traits appear all of 
the time in all individuals. In contrast, ancestral analyses are giving probabilities 
rather than clear cut assessments. In other words, forensic anthropologists and 
other physical anthropologists who use such analyses are not trying to say that 
'races' exist or are socially biased but actually are giving the likelihood that an 
individual in question belongs to a specific patterned phenotypic group. 
According to these analyses, the biological data can indicate an individual has a 
high probability of being from one group or another or even that there is 
evidence for mixed ancestry (gene flow).
By adopting new technologies and methods, forensic anthropologists enhance 
their probability of successfully identifying unknown individuals. This
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ultimately can lead to a reduction in the number of missing an d /o r unidentified 
individuals in a criminal setting, as well in other forums. Ancestral 
identifications can be used to limit the number of missing persons who the police 
must investigate in a case. This can ultimately quicken the matching process and 
as a result, give the family closure in knowing that their missing loved one is, in 
fact, deceased.
There are also implications for the Native American Grave Protection and 
Repatriation Act (NAGPRA) (Ousley, 2003). NAGPRA legislation mandates the 
evaluation and repatriation of Native American human remains to their 
appropriate tribes through analysis and consultations. Often, it is difficult or 
even impossible to distinguish Native Americans from other populations 
especially using the contemporary ancestral groups (i.e. Caucasoid, Mongoloid, 
and Negroid). Currently, Native Americans are labeled "Mongoloid" along with 
individuals of Asian decent. However, recent studies (Ousley, 2003; Hefner, 
2002; Brace, 1996) have shown that the within group variations are substantial 
and can make it difficult to separate closely related and /o r morphologically 
similar groups. This problem calls for further studies about the morphometric 
differences between and within such population groups. Thus the results of this 
research may assist museum personnel and collection managers, as well as 
forensic scientists in their task of distinguishing between Native American and 
other remains.
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The Chapters
In the next chapter, a brief historical review of the methods used by 
anthropologists, physical anthropologists and in forensic anthropology to 
classify humans and identify phenotypic patterns, places the use of ancestral 
identification today into broader context. This chapter also includes a more 
detailed review of non-metric traits, metric traits, an introduction to geometric 
morphometries and the emerging field of genetics. The concept of race has been 
applied in the past with unfortunate results. This analysis is not examining the 
debate on whether or not biological races exist or even the negative social 
concept of "races". It is simply an attempt to improve upon an existing 
identification method used in physical anthropology, forensic anthropology in 
particular, that examines patterned phenotypic variation between populations. 
Therefore, the task of addressing the historical use of the term race in general or 
in Anthropology in particular is beyond the scope of this thesis.
Chapter Three is an explanation of the methodology used in this research. 
It begins with a description of each osteological collection used and their 
historical background. The next section is a brief overview of geometric 
morphometries which will demonstrate that the 3-D techniques utilized in this 
study have been applied to a variety of research problems. The use of 3-D 
geometric morphometries as applied to ancestral identification has been 
addressed very little in the literature due, in part, to the controversy surrounding 
the concept as outlined in Chapter 2. This section is followed by which
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landmarks were used in order to capture specific non-metric traits chosen to 
quantify the pattern phenotypic variation. It then describes the statistical tests 
that were used for the data analysis, including Procrustes Fit rotation, Thin-plate 
spline analysis. Principal Components, discriminant functions, and finally, intra 
and inter observer error tests.
Chapter Four presents the results of the data analyses beginning with how 
the data were scaled in order to undergo the statistical testing. Initially, average 
forms for each population group were computed. The principal components 
analysis showed that there was group separation that indicated patterned 
variation but with some overlap between the populations. The discriminant 
function analyses determined that the groups measured were distinguishable 
approximately 99.5% of the time and 97.9% after cross validation. Intra and Inter 
observer error tests indicated there were certain landmarks that were not easily 
reproducible.
The final chapter explains what the results mean in relation to the initial 
thesis hypotheses. It points out which of the non-metric should be considered 
with caution as their reliability is limited. It suggests that the method proposed 
in this thesis should be considered by physical anthropologists as a new tool to 
lend increased accuracy in their identification methods and to decrease the 
subjectivity associated with non-metric traits; while also acknowledging the 
study's weaknesses and limitations. Chapter Five also recognizes that further
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research needs to be conducted on several fronts, such as including additional 
populations, in order to have current and long lasting forensic implications.
In summary, this study tests a new method and its ability to readdress 
traditional methods used in human identification. The quantification of non­
metric traits will have a variety of implications one of which aims to help 
increase likelihood of correct designation of ancestry, and hence place of 
geographic origin. Other possible applications could be the determination of sex, 
age, stature and even species classifications. Ultimately, this study aims to 
makes a valuable contribution to the field of forensic anthropology, in particular, 
and the field physical anthropology in general.
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CHAPTER 2
LITERATURE REVIEW 
Background
Today it is generally accepted within anthropology that biological races 
do not exist, since within "race" variation far exceeds differences between groups 
(no matter how defined) and since the term incorporates non-biological 
stereotypes (based on culture, religion, politics, etc.). However, the term race is 
still used within forensic anthropology to aid in communication with law 
enforcement personnel, who still use terms like "Caucasian", "African", "Asian" to 
identify victims and perpetrators of crime. While forensic anthropologists accept 
that races do not exist, they are aware that there are recognizable patterns of 
phenotypic variation in the skeleton that are associated with particular 
geographic regions of the world. So while "Caucasians" (as defined by 
Blumenbach - see below) as a racial group do not exist, there are morphological 
traits that regularly appear in the skeleton that are associated with certain 
geographical regions. The term used to describe such patterned phenotypic 
variation is ancestry. This is deliberate to put a conceptual distance between the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
terms ancestry and race. While this thesis deals with ancestry and attempts to 
improve upon the method of assessment of this phenomenon, it is important to 
understand the history of the term race and how, over time, its use evolved to 
incorporate only biologically meaningful morphology and how the use of the 
term ancestry came to be used instead. Therefore, this chapter begins with a 
brief history of the methods and theories used in anthropology to classify 
variation. It then demonstrates the transition from simple phenotypic 
characterization to the current methods used by physical and forensic 
anthropologists—non-metric trait identification, metric multivariate analyses and 
the new 3-dimensional geometric morphometries. It concludes with a brief 
discussion on the possible future role that genetics will play in this current 
debate.
Brief History of the Human Classification in Anthropology 
Controversy is no stranger to the field of anthropology. The concept of race, 
in particular, has been a contentious subject for hundreds of years. From the 
earliest origins of anthropology, documenting and explaining biological diversity 
has been a cornerstone of the discipline. Historically, key individuals like Darwin 
(1859), Montagu (1964), Gill (1990) and Rhine (1990) have played integral roles in 
the development of classification systems and in the evolution of critical racial 
theories. Anthropology, since its inception, battled with these classification 
systems and theories, as they were often laced with political agendas and 
prejudices. Over time, these ideas have evolved in conjunction with political and
10
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social developments. In anthropology, there have been tremendous strides taken 
to avoid associating human diversity with social and political biases. This was not 
an easy journey for anthropology and, in particular, its sub-discipline, physical 
anthropology. However, there are still those, like Gill and Rhine, who support a 
racial concept in anthropology. These individuals, most often forensic 
anthropologists, advocate the use of racial determination within their sub-field 
setting. The "great race debate" continues to plague the field with a great divide 
of opinions on the subject. Therefore, it is important to review the methods and 
theories that sculpted the way that anthropologists looked at variation and group 
classifications, in order to place current studies into a broader historical context 
and as well as a reminder of the tragic social and political mistakes that we should 
not allow to happen again.
The Old Era: Phenotypic and Social Characterization 
While anthropology as a discipline only became formalized about a 
century ago, the origins of this field date back to the time of Herodotus (c. 484- 
425 B.C.) and Empedocles (c. 490-430 B.C.) (Shanklin, 1994:23). Their ancient 
manuscripts, which document the travels and exploits of the time, also give 
detailed descriptions of the people who had been encountered along the way.
The foreign mannerisms, customs, and dress were looked upon with great 
curiosity. These early "ethnologies" paid particular attention to the perceived 
great biological differences between people. Whereas Herodotus was focused on
11
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social and societal differences, Empedocles was concerned with physical 
differences between human groups. Empedocles explained these biological 
differences by suggesting that "countless tribes of mortal creatures were 
scattered abroad endowed with all manner of forms, a wonder to behold" 
(Shanklin, 1994:23). Bertrand Russell (in Shanklin, 1994:24) quotes Empedocles 
as writing:
"There were heads without necks, arms without shoulders, 
eyes without foreheads, solitary limbs seeking for union.
These things joined together as each might chance; there 
were shambling creatures with countless hands, creatures 
with the bodies of oxen and the faces of men,...In the end, 
only certain forms survived."
At that time, this explanation for variation between humans and even animals
was accepted as the best possible hypothesis by his fellow scholars, but questions
quickly began to emerge. Many wanted to understand what role, if any, the
environment played in these variations (Shanklin, 1994). However, this question
would not be answered for centuries to come.
As Europe evolved, so too did theories and explanations for the
differences amongst humans. Explorers were traveling to new areas of the globe
and were returning to Europe with their accounts of "wild" and "uncivilized"
natives. By the 1700's, science was rapidly changing and new questions and
approaches were being formulated concerning the natural world (Shanklin,
1994). As knowledge increased, scientists began to "classify" the world as they
then knew it. Eor example, in 1735, Carolus Linnaeus first published his work.
12
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Systema Naturae, in which he assumed that all species were fixed in type and 
number from the dawn of creation (Molnar, 2002). In his study, he derived four 
geographical subspecies of the genus Homo: Homo sapiens Europeans [sic]. Homo 
sapiens americanus, Homo sapiens afer, and Homo sapiens asiaticus. According to 
Linnaeus, each subspecies shared similar behavioral characteristics due to the 
principle of biological determinism; that biology determined physical, mental, 
and moral characteristics. Homo sapiens Europeans [sic], for example, was said to 
be "white, serious, strong, hair blond, flowing, eyes blue, active, very smart, 
inventive, covered by tight clothing, [and] governed by laws." Homo sapiens 
americanus, on the other hand, were "red, ill-tempered, subjugated; hair black, 
straight, and thick; nostrils wide, face harsh, beard scanty, obstinate, contented, 
free, paints himself with red lines, [and is] ruled by custom." Homo sapiens afer 
were described as "black, impassive, lazy, hair kinked, skin silky, nose flat, lips 
thick, women with genital flap, breasts large, crafty slow, foolish, anoints himself 
with grease, [and is] ruled by caprice." The final subspecies. Homo sapiens 
asiaticus, was not spared these gross generalizations either and were termed 
"yellow, melancholy, greedy, hair black, eyes dark, severe, haughty, desirous, 
covered by loose garments, [and] ruled by opinion." (Linnaeus, in Marks, 
1995:50) These inflammatory stereotypes were commonly used by scientists 
during the 1700's and these sentiments were often passed on to the general 
public who believed whatever scientific theory agreed with popular opinion.
13
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Linnaeus' classification system was supported and added to by works of 
later scholars like Johann Lredrick Blumenbach (1752-1781), often recognized as 
being the "father of physical anthropology" (Hinkes, 1993; Molnar, 2002). 
Blumenbach, a Lrench naturalist, devised his own classification system based on 
five categories in 1781. Unlike Linnaeus, Blumenbach used only anatomical 
characteristics, like facial characteristics and the shape of the skull, to distinguish 
between these groups (Marks, 1995). His racial categories, Caucasoid, 
Mongoloid, American Indian, Lthiopian, and Malay are often used by 
anthropologists today. Blumenbach felt strongly that human populations should 
be categorized as several subspecies within the genus Homo rather than to 
separate species. He wrote, "That no doubt can any longer remain but that we 
are with great probability right in referring all and singular as many varieties of 
man as are at present known to one and the same species (Blumenbach, in 
Bernasconi, 2000:37)." He labeled these subspecies "races", a term that had long 
been reserved for describing animal breeds (Molnar, 2002). This label and its 
meaning would be debated for centuries as the concept of race evolved.
The question of how the genus Homo developed into "races" puzzled 
scientists until the late nineteenth century. A new theory, presented by Charles 
Darwin and Alfred Russell Wallace, revolutionized current thinking about 
biological change. Their theory of evolution by natural selection finally 
explained how biological differences arose in humans. Long after the Greeks' 
initial curiosity, the role of environmental and natural forces was formally
14
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acknowledged by the concept of natural selection. However, the problem 
remained that while natural selection clearly tackled the question of "how" races 
came about, it could not answer the question of "why" without much 
speculation.
After Darwin published his ground-breaking book. The Origin o f Species by 
M eans o f Natural Selection or the Preservation o f Favoured Races in the Struggle fo r  
Life, in 1859, he began to delve further into the issue of race. The results of his 
investigations were published in 1871 in his book. The Descent o f M an. In the 
chapter entitled, "On the Races of Man", no attempt was made to classify races of 
humans as previous scholars had done. Instead, Darwin questioned the "value 
of the differences between them under a classificatory point of view, and how 
they have originated (Darwin in Bernasconi, 2000:54)." He went on to write, "if 
we look to the races of man, as distributed over the world, we must infer that 
their characteristic differences cannot be accounted for by the direct action of 
different conditions of life, even after exposure to them for an enormous period 
of time...[Therefore] the variability of all characteristic differences between 
races,..., likewise indicated that these differences cannot be of much importance; 
for, had they been important, they would long ago have been either fixed and 
preserved, or eliminated (Darwin in Bernasconi, 2000:75, 77)." This was the best 
possible solution that Darwin could give to explain why racial traits were not 
following natural selection as he felt they should. His work would help spark an
15
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entire discipline to be formed, which would focus on issues of hum an cultural,
linguistic, and, of course, physical diversity.
Throughout history, the definition of what exactly is a race has been hotly
contested. This debate was made more contentious by the fact that different
individuals have consistently used different definitions in order to fit their own
personal agendas. This was never more apparent than during the time of Nazi
Germany when the practice of eugenics or racial "cleansing" was rampant. The
effects of Nazi eugenics are still felt today in German physical anthropology
(Blakely, 1987). As a result of this historical set of events, it has proven to be
extremely difficult to define race without interjecting a built-in bias or agenda.
By the early to mid-1900's, several anthropologists became very vocal about this
issue and took the term "race" itself to task. One such anthropologist was a
young British anatomist, Ashley Montagu. Montagu studied with Franz Boas
and was quickly known for his studies on race. By 1949, the United Nations
Economic and Social Council (UNESCO) was preparing to draft a position
statement on race and Montagu was chosen to write this statement due to his
outspoken views on the topic. In a previous work, he had written,
"In our time, the problem of race has assumed an alarmingly 
exaggerated importance. Alarming, because racial dogmas have been 
made the basis for an inhumanly brutal political philosophy which 
has already resulted in the death or social disfranchisement of 
millions of innocent individuals; exaggerated because when the 
nature of contemporary "race" theory is scientifically analyzed and 
understood it ceases to be of any significance for social or any other 
kind of action (Shipman, 1994:161)."
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Montagu, who already had a controversial reputation, was the perfect choice for 
what was to be a highly debated statement. Montagu, in fact, spent the rest of 
his career combating the prejudicial and loaded term "race". While he 
recognized that there were differences between humans, it was from the racist 
perception of the term that he tried to separate anthropology. In his chapter 
"The Concept of Race", he wrote, "We do not want a prejudiced term which 
injects meanings which are not there into the differences. We want a term which 
nearly mirrors the conditions as a term can, not one which falsifies and 
obfuscates the issue (Montagu, 1964:13)." He felt that if science could change its 
terminology, perhaps laypeople could be taught to accept that races do not exist. 
Montagu's sentiments were echoed by his fellow anthropologists, like Frank 
Fivingstone who wrote, "there are no races, there are only dines (Livingstone in 
Montagu, 1964:47)." Ultimately, Montagu, Livingstone, and others reached the 
conclusion that the problem with race was a social one and not a biological issue 
at all; that by focusing on nonexistent biological categories, anthropologists were 
ignoring or deflecting the real issues—like racism and social inequality (Marks, 
1996).
It was not until the 1990's that the American Anthropological Association 
(AAA) decided that it was long overdue to present a formal position statement 
on "race" and, after much debate and revision it was formally posted on May 17, 
1998. In this statement, written by well-known opponents of the "race" concept, 
the AAA recognized that the origins of race could be traced back to Aristotle's
17
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theory of the Great Chain of Being (AAA website, 1998); a worldview that 
perpetuated ideal types as a way of getting closer to a supernatural being, like 
Cod (Goodman, in Boaz 1995). However, the AAA statement clearly states that 
the "racial worldview was invented to assign some groups to perpetual low 
status, while others were permitted access to privilege, power, and wealth (AAA 
website, 1998)." Therefore, the AAA concluded that "physical variations have no 
meaning except the social ones that humans put on them (AAA website, 1998)."
To date, the anthropological debate over race and ancestry remains 
extremely active. For example, a recent issue o f American Anthropologist focused 
entire sections on the trends of the "great race debate" in the various sub­
disciplines of anthropology. Articles covered subjects such as the history of the 
subject in physical anthropology and the American Anthropological 
Association's stance on the issue {American Anthropologist: 2003). This is not an 
isolated occurrence in current publications. Journals such as the Journal o f 
Forensic Sciences, American Journal o f Physical Anthropology, and Social Science and 
M edicine have dedicated articles or entire sections to the topic, especially focusing 
on the state of the concept in the new millennium. However, it is important to 
review the history of the term race in the sub-discipline that continues to 
investigate race as an aspect of human biological diversity; Physical 
Anthropology and its related field of Forensic Anthropology.
Physical Anthropology
18
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The history of the discipline of Physical anthropology in the United States 
diverged from that of Europe during the first half of the twentieth century; a 
path led by scholars like Earnest Albert Hooton and Ales Hrdlicka (Brace, 1982; 
Caspari, 2003). Prior to that time, "race" had been incorporated into the lexicon 
of early physical anthropologists in order to describe different breeds of domestic 
animals and then applied to the study of human diversity. By the time of 
Hooton and Hrdlicka, race studies formed the core of most physical 
anthropological research. Race was then viewed as fundamental entity rather 
than a hypothesis that should be investigated further (Kaszycka and Strzalko, 
2003). It is quite apparent that physical anthropologists at that time continued to 
link physical and behavioral characteristics with particular biological 
subdivisions or races (Caspari, 2003). This theory of biological determinism was 
to become a large source of contention between cultural, and some physical, 
anthropologists.
The first significant challenge to the concept of race was Montagu's attack 
in the 1940's and 1950's (Littlefield et al., 1982). However, a great change of 
paradigm was approaching and would explode with the publication of Carleton 
Coon's The Origin o f Races in 1962 (Coon, 1962). Coon's book brought out in the 
open the major divisions within physical anthropology and between the other 
major sub-disciplines in anthropology (Caspari, 2003). The race concept, as 
proposed by advocates of the term, like Coon, was highly criticized for a number 
of reasons: its indistinct boundaries between the "geographic races", the inability
19
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
for some populations to be classified at all, the inconsistencies between trait 
distributions, and the fact that the "scientific racial taxonomies are merely 
reflective of folk taxonomies (Littlefield et al., 1982:646)." Journal publications 
like those in the American Journal o f Physical Anthropology reflect this explosion of 
arguments at that time. However, as the 1970's passed, many felt that the issue 
of race was not worth wasting more time on and the journals and textbooks 
reveal a "sudden and widespread abandonment of racial classification 
in .. .presentations of human biology (Lieberman et al., 2003:110)."
In 1996, the American Association of Physical Anthropologists (AAPA) 
formulated their own position statement on race, which was meant to act as a 
revision or update of the 1964 modified UNESCO position paper. They, too, 
formally recognized the negative social implications associated with the concept 
of race and denounced such racist practices in science (AAPA website). The 
AAPA explained that all humans have the same genetic capacity for ability and 
maintained that no group is inferior to another. While physical anthropologists 
no longer support the idea that there are racial categories or "subspecies" as 
scholars in the past had believed, there is reluctance by some to abandon the 
concept entirely.
Forensic Anthropology 
Eor many years, physical anthropologists have lent their experience to the 
medico-legal profession, to help identify individuals from skeletal remains. Their 
participation in a legal setting became known as Eorensic Anthropology; a
20
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profession that differs from Physical Anthropology in its focus on individuals 
rather than on the investigation of population diversity. When physical 
anthropologists first participated in forensic identification of skeletons, there 
were no official standards for qualification as a Forensic Anthropologist, but this 
was soon to change. In the 1970's, there were a handful of physical 
anthropologists whose research focused on the forensic applications of 
individual skeletal identification. These pioneers of Forensic Anthropology, like 
Clyde Snow, Wilton Krogman, and Ellis Kerley, reasoned that there should be a 
more formalized arena for researchers in this area. They approached the 
American Academy of Eorensic Sciences, an organization devoted to the 
advancement of forensic scientific and investigative methods, with a proposed 
sub-discipline called forensic anthropology. This was approved and instituted in 
1972. Shortly thereafter, these newly dubbed "forensic anthropologists" began to 
search for some kind of regulating body that would standardize the required 
credentials and that would educate the criminal justice system and other 
anthropologists on the hazards of using a non-certified forensic anthropologist in 
a legal setting (Isçan, 1988).
As forensic anthropology grew as a sub-discipline, a divide began to 
emerge between the new field and its field of origin, physical anthropology. 
During the movement to abolish the use of race, a number of forensic 
anthropologists spoke up in favor of the term as it is applied to their field. They 
maintained that there are recognizable phenotypic traits that are patterned and
21
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associated with particular geographic regions of the world; traits now used in the 
determination of ancestry (geographic origin). The ability to make the 
determination of ancestry is a required practice necessary in forensic 
anthropology to aid the police in their identification of an individual (Sauer,
1992). When working on a forensic case, a biological profile for the individual is 
produced (Kennedy, 1995). Apart from age, sex, stature and pathologies, this 
profile must include a discussion of ancestry, for it to be of most benefit to law 
enforcement agencies. The issue is muddied by the fact that the racial and ethnic 
categories of African, Caucasian, Asian, Native American and Hispanic are used 
by police in their search for the identity of an individual. In fact, forensic 
anthropologists are sometimes pressured to assign some racial (as opposed to 
ancestral) or ethnic affiliation, if it can be determined, for the death certificate 
(Isçan, 1988). This different use of biological categories by forensic 
anthropologists and legal organizations has led to the persistence of the debate 
over this issue.
Opponents of the race concept still argue, correctly, that one's biological 
"race" may or may not be the equivalent of their ethnic identity or social 
category (Hinkes, 1993:49). They go on to suggest that admixture between 
groups negates the point of determining ancestral origin and that forensic 
anthropologists must think first about the social implications before supporting 
the concept to be used and taught (Brace, 1995). C. Loring Brace wrote.
22
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"Forensic anthropology can continue in good conscience to supply the 
"racial" answers that the prevailing sociopolitical milieu pays it to 
discover, but, in the course of time, some further level of conscience 
should impel it to add the reminder that the "racial" labels it provides are 
of biological or evolutionary significance only as indicators of regional 
kinship where the regions themselves have no determinable boundaries 
(Brace, 1995:174)."
Again, there persists a misunderstanding of what forensic anthropology 
acknowledges as ancestry, and its continued use of the term race. Perhaps a 
solution would be for forensic anthropologists to abandon the term race 
altogether, since they are not trying to determine "race", and use the term 
ancestry more consistently. Unfortunately, forensic anthropologists use the 
terms race and ancestry as synonyms of each other and this is the cause of many 
misunderstandings.
The work of George Gill signals the beginnings of a transition from use of 
race, as used historically, and the current use of the term ancestry in forensic 
anthropology. From his many studies on the application of race in forensic 
settings (Gill in Rathbun and Buikstra, 1984), Gill determined that the 
"usefulness of the race concept...does not necessarily relate so closely to its 
validity (Gill, 1998:293)." That is to say, no matter what is the current political 
trend, race estimation has shown to be a useful tool in skeletal identification, 
particularly in forensic contexts. While it is inherently recognized that there is a 
substantial amount of admixture within and between each group, there are 
distinct, observable characteristics on the skeleton that can help identify the 
group's geographical origin. These observable skeletal traits are patterned in
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such a way as to appear consistently in groups from different areas of the world 
and so can be used in the identification of the now more commonly used, and 
more politically correct term, ancestry (Ousley, 2001). Unfortunately, Gill still 
used the subjective racial categories of the past, but his research is important as it 
provides detailed definitions of these skeletal traits, mostly non-metric in 
character, that are now used consistently in forensic identification. As such, they 
are worth closer consideration.
Most of these traits are found on the skull, or more specifically, in the 
craniofacial region. Gill noted that the facial region itself could actually be used 
to separate over 75 percent of one of the six racial groups from members of all 
others. The six racial groups that he refers to are: "Mongoloid (East Asian), 
Caucasoid (White), Negroid (Black), Australoid  (aboriginal Australian, Melanesian), 
and the more recently derived Am erindian  and Polynesian (Gill, 1990:viii)." 
However, an overwhelming number of Gill's traits are non-metric in nature, and 
are not measured with traditional osteological tools, making the assessment of 
their presence somewhat subjective (Rhine, 1990). Traditional linear 
measurements taken between landmarks, in contrast, have shown that ancestry 
can be determined from the skull 85-90 percent of the time (Krogman and Isçan, 
1986:296; Sauer, 1992). Forensic an thropologists argue that fu rther research m ust 
be conducted in order to accurately determine the benefits and drawbacks of the 
use of both types of traits in ancestral identification. This is what this study is 
attempting to do.
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This study adopts the term ancestry as defined above and therefore is not 
interested in examining racial categories. In contrast, like in biological 
anthropology and population genetics, this thesis aims to ascertain whether these 
traits cluster in patterns within groups and so aid in distinguishing between 
individuals from different areas of the world. The difference between this study 
and those mentioned previously, is that here the size and shape (forms) of the 
traits will be captured by digitizing landmarks and their location in 3- 
dimensional space. The aim is to provide a metric element to the observation 
of certain "non-metric" traits used by Gill to determine if, by doing so, more 
objective, precise results are obtained. Since Gill’s traits have been somewhat 
successful in distinguishing between different geographical groups, this 
metricization of those traits may improve accuracy and repeatability and will test 
the efficacy of these traits even further.
The Scientific Transition 
Ancestral Identification Methods 
As previously stated, the determination of ancestry is often a critical 
component in the forensic identification of an individual from human skeletal 
remains. Ancestral classification is typically assessed by examining a suite of 
metric and non-metric biological traits whose grouping tendencies have been 
extensively researched. Both types of biological traits have shown to have merit, 
however, when using non-metric traits, the ability to determine the ancestral
25
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group or groups with which an individual is associated is based in part on the 
observer's experience. While many non-metric traits are recorded as present or 
absent (i.e. inion hook, metopic suture, wormian bones, etc.), others leave a 
tremendous amount of room for subjectivity and, consequently, misclassification, 
especially with scientists inexperienced in using these traits.
The Variation Era: Non-Metric Traits 
Non-metric traits have been an area of research focus for physical 
anthropologists for over 70 years (Wood-Jones, 1930,1933a, 1933b; Saunders, 
1989). Earnest Hooton suggested in the 1930s that "morphological features 
which can be observed and described but cannot be measured are probably of 
greater anthropological significance than diameters and indices" (Brues, 1990:2). 
Erom that time, non-metric skeletal variants have been used to determine 
fundamentals of the biological profile like sex (Cosseddu, 1979; St. Home and 
Isçan, 1989), age (Perizonius, 1979), shape and size (Cheverund et al., 1979), and 
particularly 'race', ancestry or biological affinity (Gill et al., 1988; Rhine, 1990;
Gill and Rhine, 1990; Gill, 1998). They have also been used to answer a variety of 
anthropological questions like biological distances between populations 
(Brothwell, 1958; Sjovold, 1973; Ossenberg, 1976; Molto, 1979 and 1981; Wijsman 
and Neves, 1986; Hershkovitz and Kobyliansky, 1990; Schwidetzky, 1991; 
Eroment, 1992), population migrations (Berry, 1974), and even cultural 
modifications to the cranium (Ossenberg, 1970).
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Non-metric traits can be defined as skeletal variants that cannot be 
measured in the traditional metric sense and therefore, are scored according to 
their presence or absence (e.g. metopic suture) an d /o r by the degree of the 
variance on a scale (e.g. angle of the zygomatic) (Rhine, 1990; Buikstra and 
Ubelaker, 1994). The majority of non-metric traits are focused on the cranium 
since that is the location of the majority of identifying features known to date 
(See Table 1).
By the definition alone, these methods are much more subjective than 
metric measurements due to inter-observer interpretation. However, they do 
capture more of the shape and size of a skull by looking at physical traits from a 
different perspective. Non-metric traits are often examined in their relationship 
to other traits. Thus, if one non-metric trait is varying in a particular direction 
then other traits might be affected. For example, the direction in which the orbit 
slopes, rounds, or squares can indicate to which geographic population an 
individual likely belongs. However, the shape of the orbit can affect the shape of 
the nose and the angle of the zygomatic.
A drawback to non-metric trait analyses is that individuals commonly 
possess traits that are shared by other geographical populations and this can lead 
to conflicting results. The best course of action is to document all traits and look 
for the overall pattern of affiliation. If the traits do not conform to a regular 
pattern, this may indicate admixture and may assist in a forensic identification or 
indicate parents may came from different biological groupings (i.e. gene flow).
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Table 2.4 Nonmetric Cranial Traits
Elem ents o f D ifference A m erican Indians European Origin African Origin
Incisors stiovet-stiaped incisors blade-torm incisors blade-form  incisors
dentition not crow ded, often  
weM-scierosed
crow d ed , frequently  
Im p a cted  3rd molars
n ot crow ded ,
molars (zygom o) robust ond  fkxlng.
witti molor tubercle small, retreotmg molars small, retreating molars 1
zygomaxMory suture an g led ja g g ed  or S-stToped cu rv ed  or S -shaped
profile m oderate alveolar little pro^xstNsm. strong alveolar
prognothism orthognath ic prognathism
palatal stxspe elNptIc porabo#c hyperbolic
polatol suture strolght z-snope arched
cranial sutures com plex, with Wormian 
bones
simple sim ple
nosol bones low "tented" nasals high en d  arctied, with
noslon depression
low flat “q u o n set hut"
nosal aperture medium narrow w ide
nasal spine medium, tilted large, long little or n o n e  •;
nosal s# shorp very sharp "guttered"
eft in blunt m edlon cnin square biloteral, 
projecting
retreating
ramus w ide ascending romus narrow a sc e n d in g  romus
cranium tow. sloping high low. with post-bregm otlc ' 
depression
hoir form straight rourd cross 
section
wavy ovol cross section curly or kinky flat cross 
section
------------------------------------------i
Source: Adapted from G#. 19%.
Table 1: Traditional Non-Metric Traits, (From Burns, 1999)
One critique of non-metric traits is that they are often used to "force" an 
individual into a preset, large ambiguous ancestral grouping. However, the role 
of these traits in a legal forensic context is to give the most probable ancestral or 
"racial" grouping. Recall that police use the traditional "Caucasoid, Negroid and 
Mongoloid" categories (See Figure 1) and so these terms are often utilized in 
discussion of non-metric traits in ancestral identification. It cannot be 
emphasized enough that this study does not use these traits for the same
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iCMhogiKilhous)
Revealing zygomaties a
M ongoloid
kiferior zygomalic [xojw 
Edg»-iü-«doe bite
Pmiecttng zygomane
Negroid
N asal guttw iog
Figure 1: Traditional Ancestral Groups (Bass, 1995)
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purpose, but rather serves as a test to determine if geographically separated 
groups are physically distinct biologically meaningful ways
The Statistical Era: Metric Multivariate Analyses 
Metric measurements are the crux of any analysis of skeletal remains by 
physical or forensic anthropologists. Metric data are a series of set 
measurements that capture a great deal of information about skeletal remains by 
quantifying specific biological traits such as size, shape, stature and even the 
'race' (Giles and Elliot, 1962) of a skeleton. They are the focus of most physical 
anthropology studies because they are by far the most universally accepted 
method since any analysis can be repeated by other scientists. Early physical 
anthropologists defined specific measurements based on biological landmarks 
that could be easily duplicated (Elowells, 1937). A standard set of measurements 
was complied from each part of the skeleton (Brothwell, 1981; Steele and 
Bramblett, 1988; Buikstra and Ubelaker, 1994; Ubelaker, 1999).
W.W. Howells was one of the pioneers in the advancement of osteometric 
and, in particular, craniometric analyses. Howells used physical measurements 
to determine populational distances and relationships. He was one of the first 
anthropologists to use quantitative methods to answer and solve morphological 
problems. His seminal work, "Cranial Variation in Man: A  S tudy  by M ultivariate  
Analysis o f Patterns o f Difference A m ong Recent H um an Populations” (1973),
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measured 17 different world populations craniometrically and became the model 
for all future studies in ancestral or populational identification. Howells was 
especially interested in determining "ethnicity" (or ancestry) from skulls using 
quantitative methods (Howells, 1968 and 1989). Two subsequent works "Skull 
shapes and the map: craniometric analyses in the dispersion o f modern Homo" (1989) 
and "W ho's Who in Skulls: Ethnic Identification o f Crania from  M easurem ents” (1995) 
continued to build on Howells' previous attempts to determine "ethnicity" from 
craniometric measurements.
Subsequent studies helped produce new methods of determining ancestry 
based on metric measurements. One technological advance was the introduction 
of FO RD ISC  (Ousley and Jantz, 1996); a software program that allows metric 
measurements of an 'unknown' individual to be compared with the same 
measurements from a large database of different populations in order to 
determine with which population group the individual is most likely affiliated.
The benefit of using metric traits in ancestral identification is that they are 
not as subjective and are more substantive than other methods of analysis. 
However, a drawback to using only metric methods is that they often do not take 
many identifying traits into account because they are limited to standard 
landmarks and measurements. These gaps are often filled by the use of non­
metric ancestral traits.
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The Computer Age: Geometric Morphometries 
Traditional morphometric studies only began in the past few decades. 
These methods used multivariate statistics to observe variables taken from linear 
distances on an organism (Corruccini, 1987). These variables were measured in 
lengths, widths, and the distances between the landmarks (Corruccini, 1973). 
However, it was not possible to visualize the exact geometric form of the object 
from such measurements which led to weaker results (Bookstein, 1991; kestrel, 
2000; Marcus and Corti, 1996; Rohlf and Marcus, 1993). However, over the past 
20 years, the use of a new morphometric area of study, geometric 
morphometries, has increased in several scientific disciplines, including physical 
anthropology. Geometric morphometries, the study of "covariances of biological 
form", is based on the collection of 3-D coordinate data from anatomical 
landmarks (Bookstein, 1991:1). Traditional analyses of linear metric data have 
often led to ambiguous or generalized results. Geometric morphometric studies 
have proven to increase precision and control error in the interpretation of 
biological data over those using traditional metric measurements. Data are 
recorded in the form of landmark points, whose location is recorded as x, y, z 
coordinates in 2- and /o r 3-space, which together represent the geometric form of 
an object; where form= size + shape. Geometric morphometric analyses, in 
particular, can use landmark coordinate data to give a more comprehensive 
depiction of the object by capturing the relationships between the landmarks. 
Landmarks are "samplings of the map of homologies" that are biologically
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determined by the geometric features of a specimen (O'Higgins and Strand- 
Vidarsdottir, 1999). The landmarks themselves must be clearly defined and be 
reproducible from specimen to specimen with great accuracy by different 
researchers (Bookstein, 1991; O'Higgins and Strand-Vidarsdottir, 1999; Marcus et 
al., 1996; Valeri et al., 1998). While traditional distance measurements can be 
generated from these data, geometric morphometric methods allow the 
researcher to better visualize the data in 3-dimensional space (Rohlf and Marcus,
1993). Many of the conventional morphometric landmarks used in physical 
anthropology correspond with traditional anatomical landmarks like 
ectoconchion, zygion, and jugale. However, conventional landmarks often do 
not give the most complete picture of the object being studied. Additional 
craniometric landmarks can be designed to complete this gap and give an added 
dimension that would not otherwise have been captured, thus better 
representing the form of the trait being studied.
Two very important methods in geometric morphometries are Procrustes and 
"thin-plate spline" (TPS) analyses. Procrustes analysis uses the landmark 
coordinates from different objects in an attempt to overlap the shape of the 
different objects by scaling, rotating, and transposing them until the least amount 
of difference possible exists, to create a "mean form". The results of this method 
can then be used in a Principle Components Analysis (PCA) to compare, between 
objects, the positions of every landmark to determine the statistical significance 
of any differences between them (Tele and Richtsmeier, 1991). These analyses
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allow for a more thorough assessment of variation within a sample of objects, to 
determine which, if any, objects vary in form in recognizable ways. When 
applied to humans, this method is used to determine if recognizable populations 
exist within the sample measured.
The other critical geometric morphometric method is called Thin-Plate 
Spline (TPS) analysis. This method was proposed by Fred Bookstein in the early 
1990s and is also used compare and contrast the form of different individuals but 
takes a different perspective. Thin-plate spline functions attempt to measure the 
differences in the position of one organism's landmarks (in other words, its' 
form) to that of another individual. The shape difference is measured as a 
deformation — this deformation is similar to what happens when a thin plate of 
metal is bent, or warped, to conform to a new shape, hence the name (Slice et al., 
1996). The method uses the results of the Procrustes and Principal components 
analysis. If the initial analyses reveals, for example, two groups of forms (or 
populations) exist, then a "mean form" can be generated for each. The TPS 
method allows the differences between these mean forms to be visualized and 
quantified. TPS is used to determine what shifts in landmarks would be 
required to deform one form into the other. The amount of shift in an x, y, and z 
direction constitutes the amount of warp necessary to complete the deformation. 
The spatial warp is visualized in the form of imaginary grid lines that are bent 
(or deformed) to reflect the extent of deformation. This allows the researcher to 
identify which aspects of the skull form are most different between the two
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groups. The fact that this deformation takes place in the form of a shift in xyz 
coordinates means that the degree of warping or bending can also be quantified. 
Thus the thin-plate spline analysis is important in studies that make comparisons 
between groups because it can show how little or big the differences are, as well 
as the nature of the differences, between the groups being observed (Bookstein 
1991; Rohlf and Marcus, 1993). It has the added benefit of being able to 
compartmentalize those differences into size versus shape differences (affine vs. 
non-affine changes) and so are applicable in studies focusing on allometry 
an d /o r growth (Aiello, 1992; Bookstein, 1986). The applicability of such studies 
is now being explored by individuals interested in paleoanthropology (Aiello, 
1992; O'Higgins, 2000), comparative primate studies (O'Higgins and Jones, 1998), 
hum an craniofacial form (e.g. Benfer, 1975; Hennessy and Stringer, 2003; 
Hildebolt and Vannier, 1988), ancestral allocation (e.g. O'Higgins et al., 1989, 
1990; Ross et al., 1999, 2004; Strand Vidarsdottir et al., 2001, 2002) and in the field 
of forensics (e.g. Decker et al., 2004; Ousley, 2003; Ousley and McKeown, 2001).
The Future?: Genetics and 'Race'
While it is not the focus of this thesis, the use of genetics to answer the 
question of 'race' must be addressed. The issue of whether 'race' is identifiable 
in one's genetic makeup is long been a contentious debate that goes back as far as 
the origins of the human species itself (Relethford and Harpending, 1994; 
Templeton, 1999).
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In the 1950s, many scientists were investigating the inheritance of non­
metric traits. It was suggested that perhaps the answer would lie in the 
emerging field of genetics. There was a widely held idea that non-metric traits 
were epigenetic and could also be affected by the environment (Berry and Berry, 
1967; Berry, 1975). If non-metric traits are one of the best determinants of 
ancestry (Gill, 1990 and 1998; Rhine 1990), the biological origins for this, 
therefore, must be in the human genome. However, recent studies focusing on 
the genetics of 'race' show (Elliott and Brodwin, 2002; Bamshad et al., 2003; 
Bamshad and Olson, 2003; Cooper, 2003) that there are some contradictions with 
this assumption that arise particularly in our modern world. These studies have 
illustrated that some large populations can, in fact, be sorted genetically based on 
their geographic ancestral origins. However, the recent rise in population 
admixture prevents many populations from being able to be separated.
Recent genetic studies have also suggested that physical traits used to 
distinguish between populations are controlled by only a few genes. Therefore, 
there can exist individuals, within populations, who are less genetically similar 
each other than they are with individuals from outside populations. Certain 
genetic indicators of 'race' like skin color can be shared by several unrelated 
popu la tions like A ustra lian  A borigines and  Africans (Bam shad an d  O lson, 2003). 
That said, it cannot be assumed that specific genetic traits completely identify 
group membership but rather that specific physical traits can appear due to a
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variety of reasons like environmental adaptation as in the African and Aborigine 
example.
It may seem to some that there should be an abandonment of 
craniometries in favor of genetic analyses. However, genetic studies have several 
limitations that craniometries do not have. First of all, in genetics one must test 
for a specific code or compare a specimen with another sample. It is almost 
impossible to simply map the entire human genome of each individual in order 
to find an answer for whatever you are looking for. For example, if you wanted 
to screen an individual for diseases, you must test small portions of the genome 
for specific diseases. Following this pattern, if you wanted to determine one's 
ancestry then you would have to test for the specific group in which you think 
the individual could belong. While the results might be more in depth or 
substantive than perhaps cranio-identification, this process can be lengthy and 
very cost inefficient. In a forensic setting, such as an average coroner's office, it 
would be impossible to test every single unidentified body against every single 
missing person without a very costly and detailed DNA database. One way of 
narrowing down the field of possible missing people is to observe any physical 
traits such as sex, age and ancestry that might lead to an identification.
The biggest limitation to genetic studies is that DNA is not always 
available. In different settings, DNA can degrade due to a variety of taphonomic 
processes, even in a recently deceased individual, beyond what can be used in a
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genetic test. Without some other type of analysis like craniometries, no useful 
information could be determined from the remains.
Summary
The older methods of phenotypic characterization and term 'race' in 
anthropology has had a long history, but has largely disappeared. Their use 
persists in forensic anthropology mainly as a synonym for the term 'ancestry' 
and as a way of communicating effectively within a legal context. Accepting that 
ancestry is something that can be measured and assessed, leads logically to an 
evaluation of methods used to do so. In any analysis, the best solution is to 
gather as much data as possible before attempting to assign an individual to an 
ancestral group with confidence. Ideally, this would mean a combination of 
measured metric, observed non-metric traits and genetic testing. Since genetic 
testing is not always available due to degradation or other issues like cost, it is 
prudent to strengthen the other methods that are more readily available. This 
study attempts to do just that by testing the ability of specific 'metricized' non­
metric traits to distinguish between populations. This study will also determine 
the probability of assigning an 'unknown' individual to a biological group of 
known geographic origin. While traditional methods of ancestral analysis have 
proven their usefulness in forensic identification, new technologies are providing 
the opportunity to reevaluate current methods and create new techniques for 
analysis, like geometric morphometries, which should help forensic and physical
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anthropologists to increase precision of their methods in order to perform more 
effectively and to increase overall efficiency (Rhine, 1993; Sauer, 1993).
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CHAPTER 3
MATERIALS AND METHODS
Osteological Specimens 
Data for this study were gathered from four osteological collections housed at 
the San Diego Museum of Man, the University of Nevada, Las Vegas Department 
of Anthropology and Ethnic Studies, and the Arizona State University, 
Department of Anthropology. A total of 195 skulls were measured from the four 
collections representing populations of known geographical origin. Although 
some of the specimens are from pathological collections, only crania with no 
deformations were selected for this study.
The Hrdligka Paleopathologv Collection, San Diego Museum of Man 
The Hrdlicka Paleopathology Collection housed at the San Diego Museum of 
M an consists of over one tho u san d  pathologic specim ens com piled  from  
expeditions and surface gatherings conducted by Dr. Aleâ Hrdlidka in 1913. An 
example of one of the skulls from the collection is shown in Figure 2. While 
serving as the Physical Anthropology Curator at the United States National
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Museum in Washington, D.C., Hrdlicka was asked by the director of the 
Panama-California Exposition by 1915 to develop an exhibit in San Diego. Dr. 
Hrdlicka traveled to Peru and several other locales such as Alaska in order to 
find aboriginal American pathological and surgical specimens. The majority of 
the remains were found in Peru. Figure 4 is a map of the various sites from 
which the remains were recovered. Due to extreme exploitation of ancient 
cemeteries by looters and artifact hunters, no excavations were needed as many 
of the specimens were on the surface of the sites. This looting led to difficulties 
in cultural artifact and skeletal associations. Since the initial exhibition in 1915, 
the collection has been stored and available for study at the San Diego Museum 
of Man. The collection represents a unique pathological collection that includes 
examples of diseases like tuberculosis, syphilis, and osteomyelitis as well as 
cranial deformations and traumatic fractures. There are also numerous examples 
of skull trephination, drilling, and healing from the early surgical procedures 
(Tyson and Alcauskas, 1980). The majority of the 62 skulls measured for this 
study, which are recorded in Table 2, were from several Pre-Columbian 
American Indian sites located in coastal Peru. Hrdlicka classified the skulls in 
this collection on the basis of their location and any associated grave goods. For 
the sake of continuity, the author has chosen to adopt HrdliCka's label of 
Peruvian in order to identify this sample in the study.
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Figure 2: Image of Specimen from Hrdlicka Paleopathology Collection
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Figure 3: Map of Hrdlicka's 1913 Archaeological Excavations in Peru (Tyson 
and Alcauskas 1980)
43
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 2: Specimens used in study from Hrdlicka Paleopathological Collection, 
San Diego Museum of Man
Data Collection & 
Specimen Number Biological Affinity Sex Age
1915-2-1 Nasca Region, Peru Male Adult
1915-2-6 Lomas, Peru Male Adult
1915-2-8 Cinco Cerros, Peru Male Adult
1915-2-11 Cinco Cerros, Peru Male Adult
1915-2-13 Chilca, Peru Female Adult
1915-2-15 San Damien, Peru Female Young Adult
1915-2-17 Lima, Peru Male? Adult
1915-2-18 Cinco Cerros, Peru Male Adult
1915-2-24 Valley of Chicama, Peru Male Adult
1915-2-26 Cinco Cerros, Peru Male Adult
1915-2-27 Matucama, Peru Male Young Adult
1915-2-30 Cinco Cerros, Peru Male Adult
1915-2-31 San Damien, Peru Male Adult
1915-2-37 Lupo, Peru Male Adult
1915-2-40 San Damien, Peru Female Adult
1915-2-45 Lomas,Peru Female Adult
1915-2-46? San Damien, Peru Female Adult
1915-2-85 Ancon, Peru Male Adult
1915-2-86 Chavina, Peru Male Adult
1915-2-105 Lomas,Peru Female Adult
1915-2-110 Cinco Cerros, Peru Female Adult
1915-2-111 San Damien, Peru Male Adult
1915-2-125 Cinco Cerros, Peru Male Adult
1915-2-154 Coyungo, Peru Male Adolescent
1915-2-178 Valley of Chicama, Peru Male Adult
1915-2-179 Valley of Chicama, Peru Male Adult
1915-2-180 Chilca, Peru Female Adult (18)
1915-2-181? Nasca Region, Peru Male Adult
1915-2-190 Cinco Cerros, Peru Female Adult
1915-2-191 Chavina, Peru Female Adult
1915-2-194 San Damien, Peru Female Adult
1915-2-196 Coyungo, Peru Male Adult
1915-2-198 Lupo, Peru Female? Adult
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1915-2-201? Chilca, Peru Male Adult
1915-2-203 Nasca Region, Peru Male Adult
1915-2-205? Valley of Chicama, 
Peru Female Adult
1915-2-206 Near Huarochiri, Peru Male Adult
1915-2-209? Chavina, Peru Male? Adult
1915-2-277 Cinco Cerros, Peru Female Adolescent (14- 
16)
1915-2-280 Cinco Cerros, Peru Female Adolescent (14- 16)
1915-2-281 Cinco Cerros, Peru Male Adult
1915-2-284 Lupo, Peru Male Adult
1915-2-294 Cinco Cerros, Peru Female Adult
1915-2-296 Nasca Region, Peru Male Adult
1915-2-298 Cinco Cerros, Peru Male Adult
1915-2-306 Cinco Cerros, Peru Male Adult
1915-2-311 Cinco Cerros, Peru Male Adult
1915-2-326 Pachacamac, Peru Male Adult
1915-2-331 Pachacamac, Peru Male Adult
1915-2-333 Valley of Chicama, Peru Male Adult
1915-2-334 Valley of Chicama, Peru Male Adult
1915-2-347 Chilca, Peru Male Adult
1915-2-348? Cinco Cerros, Peru Female Adult
1915-2-350 Chavina, Peru Female Adolescent
1915-2-351 Huacho, Peru Female Adult
1915-2-352 Pachacamac, Peru Female Adult
1915-2-565 Mexico Male Adult
1915-2-584 St. Lawerence Island, Alaska Male Adult
1915-2-585 Ulaanbaatar (Urga), Mongolia Female Adult
1915-2-659 Cinco Cerros, Peru Male? Adult
1915-2-702 San Damien, Peru Female Adult
1915-2-1506 Chilca, Peru Male Adult
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Boring Indian Anatomical Skull Collection, San Diego Museum of Man 
In 1994, Dr. Eugene Boring, a retiring anatomy professor at Chaffey 
College in California, donated 64 pathological skulls from Calcutta, India to the 
San Diego Museum of Man (Tyson, 1994). Figure 4 illustrates one of the skulls 
from this collection. Boring originally obtained the collection over 30 years 
earlier from Dr. Thomas Zurich who was a preparator for biological supply 
companies in Los Angeles. The biological supply companies during that time 
would often import hum an skeletal material, most often remains of paupers, for 
anatomical study from foreign countries. The Boring specimens represent such a 
collection. This manner of obtaining remains is not often practiced today; 
therefore, the Boring collection represents a unique sample. All that is known of 
the ancestral origin of the collection is that they are from Calcutta, India. 
Therefore, the geographic origin of the skulls was the basis for their classification 
in this study. Of the 64 skulls available, only 56 in total were used and are listed 
in Table 3. Skull selection was based on the degree of preservation.
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Figure 4: Image of Specimen from Boring Anatomical Skull Collection
Table 3: Specimens used in study from the Boring Indian Anatomical Skull 
Collection, San Diego Museum of Man
Data Collection & 
Specimen Number Biological Affinity Sex Age
121 Caucasoid Male Adult 35-37
131 Caucasoid Male Adult 34
132 Negroid Male Adult 28
133 Caucasoid /  Mongoloid Male Adult 26
136 Negroid/Caucasoid Male Adult 28
141 Caucasoid /N egroid Male Adult 27
142 Caucasoid /  Mongoloid Female Adult 18-22
143 Caucasoid Female Adult 24-26
153 Caucasoid Female Adult 21
154 Negroid Female Adult 24
155 Caucasoid Female Adult 24
162 Negroid Male Adult 30
163 Caucasoid /  Negroid Male Adult 40
172 Caucasoid Male Adult 34
173 Caucasoid Male Adult 38
174 Caucasoid Male Young 15
175 Caucasoid Male Adult 16
181 Caucasoid /  Negroid Male Young 7-8
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182 Negroid Male Young 13
183 Mongoloid Male Adult 30-32
184 Caucasoid Male? Adult 28-30
185 Caucasoid Male Adult 23-24
191 Negroid Male Adult 32
192 Caucasoid Male Adult 40-42
193 Caucasoid Male Adult 34
194 Caucasoid? Male Adult 28
201 Caucasoid Male Adult 30
203 Mongoloid Male Adult 17-19
204 Caucasoid Male Adult 33-34
205 Caucasoid Male Adult 32
206 Negroid Male Adult 35-36
208 Caucasoid Male Adult 40-42
209 Caucasoid Male Adult 28
211 Negroid Male Adult 33
212 Caucasoid Male Adult 22?
222 Caucasoid Male Adult 36
223 Caucasoid Male Adult 40
224 Caucasoid Female? Adult 26
225 Caucasoid? Male Adult 42
226 Caucasoid /  Negroid Male Adult 34
231 Caucasoid Female? Adult
232 Caucasoid Male? Adult
233 Caucasoid Female? Adult
234 Caucasoid /  Negroid Female? Adult
235 Caucasoid Male Adult 36?
236 N egroid /  Caucasoid Male Adult
237 Mongoloid Male Adult
238 Caucasoid Male Adult 22?
241 Caucasoid Male Adult
242 Negroid Male Adult
243 Caucasoid /  Negroid Male Adult
244 Caucasoid /N egroid Male Adult
245 Caucasoid Male? Adult
246 Caucasoid Male Adult
247 Caucasoid Male? Adult
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Carlin Chinese Collection, University of Nevada, Las Vegas 
The Carlin Chinese Collection housed at the University of Nevada, Las Vegas 
Department of Anthropology and Ethnic Studies represents 13 individual burials 
found in Carlin, Nevada in 1996. Previous studies (Gallegos, et al., 2002; Chung, 
et al., 1999; Owsley, et al., 1997) have focused on pathologies, cultural burial 
practices, the historical background and documentation of the collection. This 
sample is unique in that historical records have shown that the bodies are those 
of Chinese migrant workers brought to the United States for manual labor on the 
trans-continental railway and local silver mines during the late 1800's. While the 
Central Pacific Railroad was under construction, Chinese workmen founded the 
town Carlin which eventually became a major railroad and mining center in the 
late 19‘̂  century. Chinese restaurants, businesses, and laundries thrived from 
1870 until the early 1920, although their population never exceeded 50 (Chung, et 
al., 1999). Chinese railroad workers who signed labor contracts in China had a 
clause insuring that they would be buried in China if they died in the United 
States. However, railroad workers recruited from different parts of the American 
West did not have that benefit unless they belonged to an association that 
guaranteed the "death benefits" that specified reburial in China. Therefore, the 
Chinese individuals from Carlin were not members of a "reburial" program and 
thus, their internment in Nevada. Of the 13 skulls available for study, only 11 
were included because one skull was in fragments and the other covered in 
mummified tissue (see Table 4 for a list of specimens). Figure 6 represents a map
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showing the location of Carlin while figure 7 is an example of one skull from the 
collection.
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Figure 5: Map of Carlin, Nevada (www.vahoo.com)
Table 4: Specimens used in study from the Carlin Chinese Collection, 
University of Nevada, Las Vegas
Data Collection & Specimen 
Number
Biological
Affinity Sex Age
2000.2.3.001 Mongoloid Male Adult
2000.2.1.001 Mongoloid Male Adult
2000.2.5.001 Mongoloid Male Adult
2000.2.6.001 Mongoloid Male Adult
2000.2.7.001 Mongoloid Male Adult
2000.2.8.001 Mongoloid Male Adult
2000.2.9.001 Mongoloid Male Adult
2000.2.10.001 Mongoloid Male Adult
2000.2.11.001 Mongoloid Male Adult
2000.2.13.001 Mongoloid Male Adult
AHUR 2143 (Courthouse Privy) Mongoloid Female Adult
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Figure 6: Image of Specimen from Carlin Chinese Collection
It is important to note that due to the small sample size of the Chinese 
collection it was subsumed into the Peruvian sample for data analysis The 
combined sample will be referred to as the "Mongoloid" sample, a term loosely 
based on the "Mongoloid" classification group that includes Asians as well as 
Native Americans.
Semna South Nubian Collection, Arizona State University, 
Department of Anthropology
The Semna South Nubian Collection housed at Arizona State University's 
Department of Anthropology represents an excavated cemetery from Northern 
Sudan near the Nile region. Nubia is located along the banks of the Nile from 
the First Cataract at Aswan in Egypt to about the Fourth Cataract (See Figure 8 
for an example) (Carlson and Van Gerven, 1979:562). Semna South is located in
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the Batn el Hajar just south of the Second Cataract about 15 miles south of Wadi 
Haifa (Arriaza et al., 1993:245; Vercoutter, 1966). The archaeological site, Semna 
South, is one of twelve primarily Egyptian forts built near the Second Cataract 
around the reign of Semusret I (1842 B.C.-1797 B.C.) (Zabkar and Zabkar, 
1982:15). The site experienced several Nubian occupations: Meriotic (350 B.C. to 
350 A.D.), X-Group (350 A.D. to 550 A.D.), and the Christian Periods (550 A.D. to 
1500 A.D.) (Van Gerven et al., 1973:560; Arriaza et al., 1993:245). The later 
excavations of the site were conducted between 1966-1968, by the University of 
Chicago Oriental Institute's Expedition to Sudanese Nubia. The cemetery 
contained over 800 individuals with approximately 400 skulls (See Figure 7) 
(Zabkar and Zabkar, 1982:15 and 23). A sample of 65 individuals was chosen at 
random and are listed in Table 5. For the purposes of this study, the sample is 
referred to as "Nubian" based on their geographic origin.
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Figure 7: Image of Specimen from Semna South Nubian Collection
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Figure 8: Map of Sudan Excavations (After Van Gerven, 1982)
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Table 5: Specimens used in study from the Semna South Nubian Collection, 
Arizona State University, Department of Anthropology
Data Collection 
& Specimen 
Number
Biological
Affinity Sex Age Time Period
M002-A Nubian Male 45+ Meroitic (AD 0-350)
M002-B1 Nubian Male 30+ Meroitic (AD 0-350)
M002-B2 Nubian Female middle to old Meroitic (AD 0-350)
M005-B1 Nubian Male old Meroitic (AD 0-350)
M005-B2 Nubian Female middle to old Meroitic (AD 0-350)
M006 Nubian Male Adol. «17 Christian (AD 550-1500)
M008 Nubian Male «45 X-group (AD 350- 550)
M009 Nubian Male «25 Meroitic (AD 0-350)
M012-1 Nubian Male YoungAdult Meroitic (AD 0-350)
M014-A1 Nubian Male old Meroitic (AD 0-350)
M014-B Nubian Female «30 Meroitic (AD 0-350)
M016 Nubian Male «30 Meroitic (AD 0-350)
M020-B Nubian Male Young 12- 18 Meroitic (AD 0-350)
M020-D1 Nubian Female Young 16- 18 Meroitic (AD 0-350)
M020-E2 Nubian Male old Meroitic (AD 0-350)
M021-B Nubian Male Young 12- 18 Meroitic (AD 0-350)
M023-B4 Nubian Male Young 18 Meroitic (AD 0-350)
M026-B Nubian Male Adol. «13 Meroitic (AD 0-350)
M027-A Nubian Male YoungAdult Meroitic (AD 0-350)
M035 Nubian Male Young 16- 18 Meroitic (AD 0-350)
M037 Nubian Female «20 Meroitic (AD 0-350)
M039-A1 Nubian Female middle to old Meroitic (AD 0-350)
M039-A2 Nubian Female middle to old Meroitic (AD 0-350)
M040 Nubian Male «25-30 X-group (AD 350- 550)
M042-A Nubian Female middle Unknown
M044-B Nubian Male middle to old Meroitic (AD 0-350)
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M045 Nubian Male «30 Meroitic (AD 0-350)
M046 Nubian Female «20 Meroitic (AD 0-350)
M053 Nubian Male Young 18 Meroitic (AD 0-350)
M056 Nubian Male middle to old Meroitic (AD 0-350)
M064 Nubian Male old Meroitic (AD 0-350)
M068 Nubian Female Young 18 Meroitic (AD 0-350)
M069 Nubian Female old X-group (AD 350- 550)
M073-A Nubian Male middle to old X-group (AD 350- 550)
M073-B Nubian Male «30 X-group (AD 350- 550)
M081 Nubian Male old X-group (AD 350- 550)
M087 Nubian Female Young 12- 14 X-group (AD 350- 550)
M091 Nubian Female Young 18 X-group (AD 350- 550)
M092 Nubian Male old X-group (AD 350- 550)
M093 Nubian Female middle to old Meroitic (AD 0-350)
M096 Nubian Male «20 Meroitic (AD 0-350)
M097 Nubian Male middle to old X-group (AD 350- 550)
M099* Intra Nubian Male «30 Meroitic (AD 0-350)
M107 Nubian Female old X-group (AD 350- 550)
M116 Nubian Female Young Meroitic (AD 0-350)
M123 Nubian Female old Meroitic (AD 0-350)
M127 Nubian Male old X-group (AD 350- 550)
M128 Nubian Male Adol. «17 X-group (AD 350- 550)
M132 Nubian Male old Meroitic (AD 0-350)
M146-A Nubian Female Young 18 Meroitic (AD 0-350)
M146-B Nubian Male middle to old Meroitic (AD 0-350)
M146-D Nubian Female middle Meroitic (AD 0-350)
M150-A Nubian Female old Meroitic (AD 0-350)
M150-C Nubian Female old Meroitic (AD 0-350)
M151 Nubian Male «30 Christian (AD 550- 1500)
M153-B Nubian Female «30 Meroitic (AD 0-350)
M155-B Nubian Female Middle Meroitic (AD 0-350)
M174-A Nubian Female old Meroitic (AD 0-350)
M176 Nubian Female «25-30 Christian (AD 550- 1500)
M186-B Nubian Male middle Meroitic (AD 0-350)
M190-A Nubian Male «25-30 Meroitic (AD 0-350)
M195 Nubian Male Adult Meroitic (AD 0-350)
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M198-A Nubian Male middle to old Meroitic (AD 0-350)
M2Ü5 Nubian Male middle to old Christian (AD 550- 1500)
M212-A Nubian Female Adult Meroitic (AD 0-350)
M212-B Nubian Male old Meroitic (AD 0-350)
Methodology: Data Collection 
Digitizer
An Immersion Microscribe G2X digitizer with a medium tip was used as the 
tool for the data collection in this study. The Microscribe G2X consists of a base 
unit with a long arm which swivels on a joint that allows for a 50 inch 3-D work 
space. A foot pedal is connected to the base and when pressed, logged the 
location of the tip in 3-dimensinal space into the designated software package. 
The locations are logged as a series of 3-D coordinates. The digitizer then 
transferred the data into a format that could be read by Microsoft Excel. The 
coordinates are then entered into the software package, Morpholoika for the 
geometric morphometric and statistical analyses.
Reference Plane
In order to minimize error during comparisons, the skulls must be placed in a 
similar orientation. In this study, the crania measured were placed in "reverse" 
Frankfort Horizontal Plane or norma basilaris. Frankfort Horizontal (FH) is
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defined by the orientation of three landmarks on the skull—left and right porion 
points and the left orbitale (White and Folkens, 2000). The plane extends from 
the superior margin of the acoustic auditory meatus to the orbitale (See Figure 9). 
The skull is placed in this plane in order to replicate the natural anatomical 
position in which the head is carried when standing upright.
Figure 9; Frankfort Horizontal Plane (Modified from Rhine, 1990)
However, for the purposes of this study, the skulls were placed with the base 
upwards in order to facilitate the collection of the data points with the digitizer 
(See Figure 10). This allowed the researcher to be able to reach completely 
around the skull (360°) without moving it, which would distort the 3- 
dimensional findings.
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Figure 10: Crania in Norma Basilaris on stand
Morphological Characteristics (Non-metric traits)
As previously discussed, non-metric traits are a crucial component in the 
assessment of ancestry in skeletal remains. This study focused on several non­
metric traits defined by Rhine (1990). An initial list was compiled and included: 
keeling skull, post-bregmatic depression, base cord, base angle, orbital shape, 
nasal opening, nasal depression, nasal form, nasal spine, nasal sill, nasal 
overgrowth, zygomatic projection, inferior projection of the zygomatic, 
prognathism, dental arcade shape, shape of the chin, profile of the chin, lower 
mandibular border, ascending ramus, and gonial angle. The list was narrowed 
further to include only those craniofacial traits, with the exception of the base 
chord and base angle, determined to have the greatest likelihood of their 
geometry being adequately captured. This final trait list included 11 traits: base 
cord, base angle, orbital shape, nasal opening, nasal depression, nasal form, nasal
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spine, nasal sill, nasal overgrowth, zygomatic projection, and prognathism 
(defined in Appendix A). These more specific non-metric traits combine to form 
broader, interrelated craniofacial characteristics such as the orbit shape and 
complete nasal form, as well as the form and angle of the zygomatic. In addition, 
cranial base length and angle is reflected in the degree of prognathism that the 
skull exhibits. By grouping the physical characteristics into broader categories, 
the effects that individual trait variations have on the other traits can be 
visualized and accounted for.
Cranial Landmarks 
A series of conventional and non-conventional landmarks were used in order 
to capture the form or the size and shape of the craniofacial traits examined. 
These landmarks were chosen specifically to capture the form (Size and shape) 
one or more of the traits mentioned above. Table 6 includes a complete list of the 
conventional and non-conventional landmarks used in the study. Figures 11,12, 
and 13 are the illustrations to visualize the landmarks during data collection.
Table 6; Conventional and Non-Conventional Landmarks Used in the Study
Landmarks Description Reference
Dacryon (d)
the point on the medial border of 
the orbit at which the frontal, 
lacrimal, and maxilla intersect
after Moore- 
Jansen, et al., 
1994
Maxillofrontale
(mf)
the point of intersection of the 
anterior lacrimal crest (medial edge 
of the eye orbit)
after Bass, 1995
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Orbit 1 (ol)
when picturing the orbit as a 
rectangle, the most superior, medial 
point on the upper orbital rim
Unconventional
point
Orbit Height (oh)
Superior midline point on the upper 
orbital rim used in craniometric 
measurement for orbital height
Unconventional
point
Orbit 2 (o2)
when picturing the orbit as a 
rectangle, the most superior, lateral 
point on the upper orbital rim
Unconventional
point
Ectoeonchion (ec) the point of maximum breadth on the lateral wall of the eye orbit after Bass, 1995
Orbit 3 (o3)
when picturing the orbit as a 
rectangle, on the zygomatic, the 
most inferior, lateral, oblique point 
on the lower orbital rim (often 
diagonal from ol)
U neon ventional 
point
Orbitale (or) the lowest point in the margin of the orbit
after Howells, 
1937
Zygorbitale (zyo)
the point where the orbital rim 
intersects the zygomaticomaxillary 
suture
after White and 
Folkens, 2000
Orbit 4 (o4)
termination point of the lower 
orbital ridge on the maxilla; inferior 
to d and m f
Unconventional
point
Frontomalare 
Temporale (fmt)
the most laterally positioned point 
on the fronto-malar suture
after Moore- 
Jansen, et al., 
1994
Zygomatic 1 (zyl) Zygomatic tubercle inferior to  fm t Unconventionalpoint
Jugale (ju)
the point in the depth of the notch 
between the temporal and frontal 
processes of the zygomatic
after White and 
Folkens, 2000
Zygotemporosuture 
superior (zts)
the superior point on the suture at 
which the zygomatic meets the 
temporal
Unconventional
point
Zygotemporosuture 
Inferior (zti)
the inferior point on the suture at 
which the zygomatic meets the 
temporal
Unconventional
point
Zygomaxillare
(zma)
the most inferior point on the 
zygomaticomaxilary suture
after White and 
Folkens, 2000
Zygomatic 2 (zy2) The most anterior central point on the zygomatic
Unconventional
point
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Nasion (na)
the point of intersection between the 
frontonasal suture and the 
midsagittal plane
after Moore- 
Jansen, et al., 
1994
Nasal 1 (nl)
The point on the nasal bone where 
the nasal, frontal and maxilla meet; 
lateral to na
Unconventional
point
Nasal 2 (n2) Inferior to n, the midpoint along the nasiomaxillary suture
Unconventional
point
Nasal 3 (n3) The most anterior point on the nasal where it articulates with the maxilla
Unconventional
point
Nasal 4 (n4)
The anterior point on the maxilla 
where it articulates with the nasal 
(to capture any nasal overgrowth)
Unconventional
point
Pronasale (pna) the most projecting point of the nasal tip; the point of the nose
after Howells, 
1937
Nasal 6 (n6) The deepest point on where the two nasals meet at the midline
Unconventional
point
Alare (al)
the most lateral point on the nasal 
aperture taken perpendicular to the 
nasal height
after Bass, 1995
Nasioalare (nal) Most inferior nasal border Unconventionalpoint
Nasiospinale (ns)
the point where a line drawn 
between the lower margins of the 
right and left nasal apertures is 
intersected by the midsagittal plane
after Bass, 1995
Prosthion (pr)
the most anterior point in the 
midline on the alveolar processes of 
the maxillae
after Moore- 
Jansen, et al., 
1994
Infradentale 
Superior (ids)
the upper alveolar point; the apex of 
the septum between the upper 
incisors
after Bass, 1995
Bregma (b) the midline point where the coronal and sagittal sutures intersect
after Howells, 
1937
Lambda (1) the junction of the sagittal and 
lambdoid sutures
after Howells, 
1937
Opisthocranion
(op)
the most posterior point of the skull 
not on the external occiptial 
protuberance
after Moore- 
Jansen, et al., 
1994
Asterion (ast)
the junction of the temporoparietal, 
lambdoid and temporo-occipital 
sutures
after Howells, 
1937
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Pterion (pt)
the region that designates the upper 
end of the greater wing of the 
sphenoid, with the bordering boes, 
frontal, parietal, and temporal
after Bass, 1995
Opisthion (o) the midline point at the posterior margin of the foramen magnum
after Moore- 
Jansen, et al., 
1994
Basion (ba) the median point of the anterior border of the foramen magnum
after Howells, 
1937
Staphylion (st)
a point in the median line of the 
palate where it is crossed by a line 
tangent to the curves in the posterior 
margin of the palate
after Howells, 
1937
Olare (ol)
the most forward point of the 
intermaxillary suture on the oral 
surface of the alveolar process
after Howells, 
1937
Ectomolare (ecm)
the most lateral point on the outer 
surface of the alveolar borders of the 
maxilla, often opposite the middle of 
the second molar tooth
after Bass, 1995
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Figure 11; Anterior View of Landmarks (Modified from Buikstra and
Ubelaker, 1994)
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Figure 12: Left Lateral View of Landmarks (Modified from Buikstra and
Ubelaker, 1994)
65
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
PLI
ECM,
S T A
BA
O P
Figure 13; Basilar View of Landmarks (Modified from Buikstra and Ubelaker,
1994)
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Statistical Treatment of the Data Set 
A series of statistical tests were performed in order to test the null hypothesis 
that the digitized non-metric traits are not useful in distinguishing between 
samples of known geographic origin. As previously stated, the aim of this study 
was to ascertain if mean forms can be derived from the statistical analysis and 
visualization processes. Therefore, the statistical methods used were selected on 
the basis of their ability to help meet these goals. Initially, mean forms for each 
ancestral group were derived mathematically in Morphologika through Procrustes 
Fit Analysis. The results of this method were then used to compare the 
specimens and the positions of every landmark in order to determine the 
significance of any differences between them using Principle Component 
Analysis. The next step in the analysis was to compute a statistical discriminant 
function that could distinguish between the three groups. The statistical 
program, SPSS,  was used to perform a discriminant function (and /or canonical 
variâtes) analysis of the 3-D coordinates after the data were converted 
mathematically into a linear tangent space (Dryden and Marden, 2000). The 
outcome of this analysis allowed the calculation of the probability of accuracy in 
assigning a new individual to the correct ancestral group. This was done by 
using  cross-validation techniques (Strand V idarsdo ttir e t al., 1999, 2001, 2002). 
The eigenvectors tabulated were also used in order to determine which 
landmarks were yielding the highest loadings and thus, contributing the most to 
the variation. This analysis will help in narrowing the total number of the
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landmarks used and ultimately, determine which non-metric traits are the most 
useful when using this method.
Data Scaling and Significance Level 
In total, 39 landmarks on 195 adult male and female skulls from four distinct 
geographic locations (grouped into 3 patterned phenotypic populations) were 
three-dimensionally digitized for the purposes of this study. However, there are 
certain difficulties when studying the 3-D shape variability of a specimen's form. 
In order to run statistical analysis on 3-D coordinate data, the data must first be 
scaled into a form that can be recognized by traditional statistical software 
programs like SPSS.  This is done by converting the 3-D landmarks into linear 
tangent space (Dryden and Mardia, 1992; Strand Vidarsdottir et al., 2002). As a 
result, the Principal Component scores of the Procrustes fitted coordinates can 
then be used for further analyses. For the statistical analyses, the p-value or 
significance is p<.05 which yields a confidence level of approximately 95%. For 
other forms of analyses, visual depictions are the most appropriate method of 
obtaining results when statistical tests are not plausible due to difficulties with 
transforming the 3-dimensional coordinate data into a meaningful linear form.
Statistical or Methodological Errors 
The probability of making errors during analysis is often inevitable, in 
particular when converting 3-D coordinate data into a number that can be used 
for further statistical analyses. These errors can affect the results by maximizing 
or minimizing the amount of variation that is determined within and between
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population groups. There are several ways of controlling these errors 
statistically.
Type 1, II, and III Landmarks 
Landmarks must be determined biologically and, therefore, must be 
recognizable by others attempting to replicate the method (O'Higgins and Strand 
Vidarsdottir, 1999). The biological landmarks can often be placed into a 
hierarchy based on their replicability by other observers. One landmark might 
be clear to the principal researcher but another observer may be unable to find 
the same landmark with a high degree of accuracy. This concept is much like 
that of Type I and II errors in statistics. With error rates, the probability of 
making a type I error (a) can be determined from the level of statistical 
significance. Type II errors (P) are much more difficult to calculate as it is 
dependent on many different factors (Kachigan, 1991:112-113; Madrigal, 1995:81- 
82). Following this pattern, landmark typologies can be defined, in decreasing 
order of confidence, as the following:
Type I: landmarks are those whose homology from case to case is 
supported by the strongest (local) evidence (meeting of structures or tissues; 
local or unusual histology, etc.).
Type II: landmarks are those in which claimed homology from case to 
case is supported by geometric, not histological evidence (tooth tips, etc.). Type 
II landmarks include landmarks that are not homologous in a developmental or 
evolutionary sense but are equivalent functionally, such as wing tips.
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Type III: landmarks have at least one deficient coordinate (which means 
that they can reliably located to an outline or surface but not to a very specific 
location, e.g. tip of a rounded bump). (From O'FIiggins and Strand Vidarsdottir, 
1999).
It is important to note that this study has a mixture of Type I, II, and III 
landmarks. It is expected that some of the non-conventional landmarks 
introduced will prove to be Type III, while the majority of the traditional or 
conventional landmarks will be Type I or II. Type III landmarks will inevitably 
introduce higher levels of variation and, in turn, higher error rates, but are still 
included as an attempt to create the most complete visual depiction possible of 
the geometric form.
Intra and Inter Observer Errors 
Intra observer error is defined as the amount of variance that the researcher 
introduces themselves during the data collection process. During the course of 
the data collection, outside factors such as rushing or fatigue can cause the data 
to be skewed and ultimately a less accurate depiction of the study. Intra 
observer error can be tested in a variety different ways. For the purpose of this 
study, a single skull (selected at random) was measured repeatedly over the 
course of several days. This skull, ASU Nubian M099, was measured at the 
beginning, middle, and end of each collection sessions for a total of 10 times. 
Wire-frame visualizations from Morphologika will demonstrate if any, and how 
much, variation determined is due to intra observer error.
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Inter observer error, in essence, tests the replicability of the method. Often 
different observers will obtain different results despite their measuring the same 
specimen (DeStefano et al., 1984). Ideally, one should minimize the amount of 
this error by having solid landmarks that can be easily determined by observers 
other than the principle researcher. This was tested by having another observer. 
Dr. Bernardo T. Arriaza, digitize landmarks on 10 skulls. For logistical purposes, 
skulls from the Carlin Chinese Collection were used.
The results of these separate analyses are reported in the following chapter.
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CHAPTER 4
RESULTS OF STATISTICAL TESTS
Introduction
This chapter presents the results of the six sets of analyses: Procrustes 
Rotation, Thin-Plate Splines, Principal Components Analysis, Discriminant 
Function Analysis, Cross Validation and the intra and inter observer error tests 
as outlined in Chapter 3.
Procrustes Fit Analysis 
Procrustes Fit rotation allows the xyz coordinates, or position, of each 
landmark to be rotated in shape space. The first step was to create a separate 
mean form for each geographical sample. For visualization purposes, the mean 
form for each sample can be seen in Figures 14-17. For this first analysis, the 
mean for the Chinese sample was also generated for comparison against the 
Peruvian and other mean forms. In subsequent analysis the Chinese and the 
Peruvian samples are combined to create the 'Mongoloid' sample.
The four mean forms indicate that interesting morphological differences
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exist between the four geographic samples when the 4 targeted morphologies 
were examined: orbit shape, nose form, zygomatic angle, and prognathism. For 
example, the Chinese (Figure 14) and Peruvians (Figure 17) consistently had the 
shortest cranial length; while the sub-continental Indians (Figure 15), had the 
longest.
Prognathism is traditionally measured by how much prosthion projects 
anteriorly to gnathion on the mandible (Bass, 1990). However, in this study, the 
mandible was not measured for a variety of reasons such as the lack of 
availability in the collections. Therefore, the measurement of prognathism had to 
be determined from the cranial landmarks digitized. The wire-frame constructed 
in the Procrustes fitted images connects basion to nasion to prosthion to give 
some concept of the projection of the face. Using this measure, the Nubians 
exhibited the greatest amount of prognathism.
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Figure 14: Mean Form of the Chinese Population.
Figure 15: Anterior View of Chinese
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Figure 14 demonstrates that the Chinese sample exhibited a short cranial 
base with little to no prognathism. The Chinese also had larger zygoma when 
compared to the other samples which were slightly projecting in their angle. The 
mean form of the nasal was more flattened, meaning that the deepest point on 
the nasal was substantially shallower than that of the other populations. The 
orbits were also rounded particularly at the lateral rim (Figure 15).
Figure 16: Mean Form of the Sub-Continental Indian Population.
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Figure 17; Anterior View of Sub-Continental Indians
With the sub-continental Indians (Figure 16), they exhibited the longest 
skulls of any of the groups measured. However, the distance from lambda to 
opisthocranion was less than most of the others giving them a shorter, elongated 
appearance. The distance from basion to nasion to prosthion showed that there 
was a small amount of prognathism. The outer rim of the orbit demonstrated an 
inferior, lateral pull giving it a slopping appearance. The nasals were longer than 
those of the other groups and the mean of landmarks nasion and N6 were the 
deepest. The zygoma, as expected, were retreating, as can be visualized nicely in 
the above Figure 17.
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Figure 18: Mean Shape of the Nubian Population.
Figure 19; Anterior View of Nubians
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The Nubian mean, Figure 18, showed that the skulls, on average, had a 
wider nasal aperture in relation to the width of the face. The mean form was also 
prognathic with a lengthy distance from basion to nasion to prosthion. The 
orbits were "squared" at the lateral rims reflecting a rectangular shape (Figure 
19). The nasals were deep set, particularly at the deepest point. The zygomatic 
was vertically placed in relation to the orbit and the rest of the face.
Figure 20: Mean Shape of the Peruvian Population.
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Figure 21: Anterior View of Peruvians
The mean of the Peruvians in Figure 20 presented a flattened posterior of 
skull. The angle from the rim of the foramen magnum (opisthion) to the most 
posterior position on the skull (opisthocranion) was acute. The zygoma were 
projecting and set wide laterally on the face. The orbits were large and more 
rounded than any of the other groups (Figure 21). The nasals, as in the Chinese, 
were less recessed with only a slight depression. There was only slight 
prognathism.
The results of the Procrustes Fitted rotation indicate that there are 
differences between groups in the targeted regions: orbit shape, nasal form, angle 
and shape of the zygomatic, and prognathism. The Mongoloids exhibited 
rounded orbits, only slightly depressed nasals, projecting zygoma, and little 
prognathism. The Sub-Continental Indians demonstrated sloping orbits.
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towering and depressed nasals, retreating zygoma, and little prognathism. 
Finally, the Nubians exhibited squared orbits, a wide nasal aperture, vertical 
zygomatics, and substantial prognathism.
The mean forms gave a good visual representation of the craniofacial 
regions that differ the most between the geographic groups. The differences in 
these areas reflect previously established non-metric trait patterns (Bass 1990, 
Rhine, 1990) for the 3 main geographic groups used in forensic studies. For 
example, it was expected to find the zygomatic projecting in the Chinese and 
Peruvians and the orbit more squared in the Nubians. It is often difficult capture 
the true nature of these traits for each group individually. Therefore, the visual 
mean form provides an excellent source for observing those patterned 
phenotypic traits targeted by this study that make an individual group distinct.
Thin-PIate Splines
The thin-plate spline is used to visualize the shape difference between the 
most "extreme" individual and the mean form. The shape difference was 
measured as a deformation or warp. A thin-pate spline warp was created for 
each population group in order to visualize the areas with the strongest amount 
of variation and in which direction those changes are deforming. The warps 
showed that most of the shape variation occurred in the non-metric traits 
targeted as shown in Figures 22-24, below. Of these broader facial characteristics 
targeted, the majority of the variation occurred in the regions surrounding the
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lateral orbit and the degree to which the zygomatic flared forward and laterally. 
This variation found in the angle of the zygomatic in each of the 3 geographic 
groups, suggests that there is an increased potential for error in classification 
when using traditional "eye-balling methods", emphasizing the need for more 
subjective methods of measurement.
Figure 22: Thin-Plate Spline of the Sub-Continental Indians.
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Figure 23: Thin-Plate Spline of the Mongoloids (Peruvian and Chinese).
Figure 24: Thin-Plate Spline of the Nubians
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Principal Components Analysis
Principal Components Analysis (PCA) is used to determine whether or 
not there are recognizable groups present within the total sample. The data for 
each individual skull is entered without any group affiliation. The nature of PCs 
is that they maximize the variation within a group, while at the same time, 
minimizing the between group variation. This method ensures that individuals 
that are morphologically similar will tend to cluster together and individuals that 
are morphologically dissimilar will not in order to discern if any patterns of 
morphology, or real groups of individuals, exist. With traditional linear data, the 
next step would be to determine which variables, from the 39 recorded, are 
accounting for the separation of the groups. However, with 3-D coordinate data 
this is not statistically possible at this point. Geometric Morphometric methods 
are in the process of catching up with linear statistics and researchers are 
exploring alternative routes to combat such hurdles (O'Higgins, 2004). That said, 
the PCA revealed that there were, in fact, three clusters of individuals present 
and these corresponded to the 3 geographical groups: Mongoloid, Nubian, 
Indian. There was some overlap between the populations which was expected 
given the m ethod’s treatment of within versus between group variation. 
However, this overlap was minimal.
PCA showed that approximately 19 of the 39 landmarks demonstrated the 
highest eigenvector loadings. These 19 landmarks represented the broader
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targeted facial characteristics: prognathism, orbital shape, and angle of the 
zygomatic. The eigenvalues increase for PC 1 to PC 7 which accounts 50% of the 
variation. However, after PC 7, the cumulative PC scores increase less 
dramatically and it is not until about PC 33 or 34 that approximately 90% of the 
population variances have been documented.
PC 1 (x-axis) in Figure 25 represents the distribution in overall size 
indicating that the Mongoloid skulls were smaller in comparison to those of the 
Indians and the Nubians. PC 2 (y-axis) represents shape variation over the entire 
population sets. While graphical representations of the PC scores do show that 
there is some overlap between the groups, the PCA also indicates that there is, in 
fact, group separation (See Figure 25). A graph of PC 1 versus PC 3 (Figure 26) 
shows that the Nubians and Mongoloids are separate on PC 3. The eigenvalue 
scores indicate that this separation is due to similarities in specific traits: the 
shape of the orbit and nasals, which are targeted facial regions in this study. On 
the PC axes, the negative scores indicate smaller skulls and the positive scores 
indicate larger ones. Thus, the Mongoloids are the largest on PC 1, then the Sub­
continental Indians, and finally the Nubians.
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Figure 25: Graph of PC 1 vs. PC 2
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Figure 26: Graph of PC 1 vs. PC 3
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Discriminant functions 
Discriminant function analysis differs from PCA in two important 
ways. First, each individual is assigned to a group a priori, in this case to Nubian, 
Indian, or Mongoloid groups. Second, this statistical method maximizes the 
variation or differences between groups while minimizing within group 
variability. In other words, the landmarks (or the combination of traits that they 
represent), that help distinguish between groups are emphasized.
Given that the 3 geographical group labels were assigned to each 
individual a priori, it is not surprising that three distinct groups are identified 
when DF 1 is plotted against DF2 (see Figure 27). The method predicts, on the 
basis of the data entered, that correct classification could be made with an 
accuracy of 99.5 %.
Eigenvalues
An eigenvalue is a series of linear equations that act as an indicator of the 
tolerance and effect of certain variables. They are important in geometric 
morphometries in order to determine the percent of variation in which a specific 
function accounts for in the total discriminating function. In this study, the 
eigenvalues were calculated from the original discriminant functions. The 
results (Table 7) indicate that the first discriminant function yielded the highest 
eigenvalue and so contributed the most to the group separation or variance at 
77.2%. The second function contributed 22.8%.
87
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 7: Eigenvalue Results 
E igenvalues
Function Eigenvalue
%of
Variance
Cumulative
%
Canonical
Correlation
1 8.374̂ 772 77.2 .945
2 2.4713 22.8 100.0 .844
a. First 2 canonical discriminant functions were used in the 
analysis.
When testing a method such as this, it is important to use individuals of 
'known' background to test if the classification is correct, whether you are testing 
sex, species, stature, age or, in this case, geographic origin. However, the 
practical use will be with unknown individuals. Discriminant functions 
deemphasize the within group variation and thus set up an ideal situation for the 
plugging in of an unknown individual to test the method.
In Figure 27, Discriminant Function 1 separates the 3 geographical groups 
according to size as was found with the Principal Components Analysis.
Function 2 is likely the result of the differences in the phenotypic variation. By 
examining similar phenotypic patterns, it is possible that the cranial length 
(short), nasal form (wide), and zygomatic (vertical to projecting) traits are similar 
enough in Nubians and Mongoloids, to account for their position in the upper 
section of the graph.
Another purpose of the Discriminant Function Analysis is to use the
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discriminant functions, based on the individuals of known geographic origin, to 
predict group membership of an individual of unknown geographic origin. If a 
new individual is entered into the analysis, the discriminant functions, based on 
the data derived from the known groups, will determine with which group the 
new individual is most closely aligned. However, it is necessary to see how well 
the discriminant functions perform and so individuals of known geographical 
origin are used to test their accuracy. This can be done either by introducing a 
new individual of known origin into the sample to see if it is grouped 
appropriately, or by using cross-validation techniques; the test chosen for this 
study (Strand Vidarsdottir et al., 1999, 2001, 2002). The degree of accuracy is 
based on the percentage of individuals (whose geographic origin is known) 
being correctly classified. This logic would apply of one were studying other 
biological traits like sex, species, stature, or age. The cross-validation test will 
determine the likelihood of the discriminant function's correctly classifying 
individuals of unknown origin and hence indicate their practical application.
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Figure 27: Graph of Discriminant Functions Analysis
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Cross-validation
Cross-validation involves the selection of individuals at random from the 
existing data set. These individuals are treated as "unknowns" and then 
classified. The percentage of correct classifications is then determined. As stated 
above, the discriminant function analysis predicts that individuals entered into
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the analysis would be correctly classified to their geographic group 99.5% of the 
time. In other words, there is only a small chance of an individual being 
misclassified. The results of cross-validation reveal that the Mongoloids 
(Peruvians + Chinese) had the greatest probability (98.6%) of being correctly 
assigned to their geographic group while that of the Continental Indians was the 
lowest (96.4%) (See Table 8). The outcome of this analysis allowed the 
calculation of 97.9% probability of accuracy in assigning a new individual to the 
'correct' geographic group. As previously noted. Gill (1990) suggested that 
ancestry determination by non-metric means can be done with about 75% 
accuracy and Krogman and Isçan reported (1986) that metrics could be used to 
do the same about 85-90% of the time. Therefore, the use of geometric 
morphometric techniques to capture the form of the traits used by both Gill and 
Iscan, resulted in a dramatic increase in accuracy and thus has important 
implications for the analysis of ancestry.
91
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 8; Discriminant Function and Cross Validation Results
Classification Results*’'*̂
Ancestry
Predicted Group Membership
TotalMongoloid Indian Nubian
Original
Count
Mongoloid 72 1 0 73
Indian 0 56 0 56
Nubian 0 0 66 66
%
Mongoloid 9&6 1.4 .0 lO&O
Indian .0 lO&O .0 100 .0
Nubian .0 .0 1 00 .0 1 0 0 .0
Cross-validated
Count
Mongoloid 72 1 0 73
Indian 1 54 1 56
Nubian 0 1 65 66
%
Mongoloid 9&6 1.4 .0 1 0 0 .0
Indian 1.8 9&4 1 .8 1 0 0 .0
Nubian .0 1 .5 9&5 lO&O
a. Cross validation is done only for those cases in the analysis. In cross validation, 
each case is classified by the functions derived from all cases other than that 
case.
b. 99.5% of original grouped cases correctly classified.
c. 97.9% of cross-validated grouped cases correctly classified.
Infra and Inter Observer Error Test Results 
Intra Observer Test 
The true test of a method is whether or not it can be replicated with 
any degree of accuracy. For this study, both an intra and inter observer error test 
was conducted. Statistical limitations for 3-dimensional coordinate data 
confined the ability to measure these aside from visual representations.
An intra observer error test was conducted by measuring a randomly 
selected skull from the Arizona State University, Department of Anthropology,
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Semna South Nubian Collection. The skull was digitized on several occasions, 
over 4 days, for a total of 10 times. These digitized series of the same skull were 
then subjected to Procrustes Fit rotation for superimposition in order to compare 
landmark by landmark for any significant deviations. The results indicated that 
several landmarks were variable as shown in Figure 28 below. However, 
maxillofrontale and opisthocranion were the landmarks with the most variation 
during the trial as shown in the figure.
Figure 28; Intra-observer error test; skulls superimposed using Procrustes 
rotation.
A standard deviation for the Procrustes rotated skulls was also conducted 
for each 3-D landmark at each coordinate. Table 9 shows that there was minimal
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deviation between X, Y, and Z coordinates between each digitizing session. The 
landmarks with the least amount of variation were: ectoconchion, zygoorbitale 
suture, zygomatic 1, zygotemporosuture superior, zygomaxillare suture inferior, 
the nasal landmarks, nasioalare, nasiospinale, prosthion, and orale. The areas 
with the greatest amount of deviation were opisthocranion and maxillofrontale 
as well as the landmarks around the orbital and anterior portion of the 
zygomatic. These should be considered Type 111 landmarks as previously 
defined.
Table 9: Intra Observer Standard Deviation of Procrustes Data (GLS)
Landmark X-Coordinate Y-Coordinate Z-Coordinate
1 0.00117072 0.0004511 0.00079498
2 0.00153773 0.00105958 0.00232612
3 0.00082031 0.0018558 0.00292704
4 0.00219642 0.00454842 0.00048899
5 0.00141673 0.00236248 0.00114145
6 0.00081698 0.0012968 0.00157787
7 0.00383056 0.00247223 0.00339788
8 0.00449637 0.00504342 0.0029445
9 0.00028557 0.00070521 0.00028604
10 0.00046228 0.0010977 0.00142486
11 0.00040547 0.00054545 0.00070079
12 0.00065821 0.00081773 0.00094936
13 0.00109107 0.00154645 0.00067261
14 0.00040928 0.00057514 0.00035314
15 0.00125092 0.00109128 0.00024511
16 0.00080013 0.00078797 0.00044198
17 0.00184322 0.00142297 0.00131723
18 0.00047751 0.0009349 0.00040109
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19 0.0003651 0.00068409 0.00036285
20 0.00081052 0.00064912 0.00104879
21 0.00021453 0.00047172 0.00077696
22 0.0004569 0.00058231 0.00084043
23 0.00055313 0.0005009 0.00046695
24 0.00046775 0.00036319 0.00172771
25 0.00023659 0.00111387 0.000821
26 0.00055589 0.00164135 0.00084251
27 0.00040221 0.00060614 0.00060974
28 0.00046787 0.00045137 0.00089496
29 0.00106045 0.00133772 0.00133593
30 0.00191542 0.00194136 0.001705
31 0.00061809 0.00188329 0.00322883
32 0.00373041 0.00425503 0.01027475
33 0.00090812 0.00163203 0.00204479
34 0.00064479 0.00064921 0.00065064
35 0.00186299 0.00133102 0.00219022
36 0.0010719 0.00107666 0.00149972
37 0.00256953 0.00036063 0.00120249
38 0.00106804 0.00092295 0.00137113
39 0.00296742 0.00038733 0.00222727
Inter observer error 
An inter observer test was conducted by having a second observer digitize 
the same landmarks on ten different skulls from the Carlin Chinese Collection. 
Dr. Bernardo Arriaza, the other observer, was provided with a figure illustrating 
the location of the landmarks as well as a table with their definitions. His 
landmark data (labeled "Inter") were compared against those previously 
digitized ("Specimen") skull by skull. The results are listed below. Figures 29
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and 30, below, represent the typical results for the inter observer error test. For 
example, when the results of each researcher are compared for skull #1, it is 
dacryon, maxillofrontale, and zygotemporosuture superior and inferior which 
demonstrate the greatest discrepancies between observers. The results for skull 
#3, 5, 6-9,11, and 13 are listed below. Some landmarks, like dacryon and 
maxillofrontale were difficult to reproduce with accuracy. As demonstrated in 
Figures 29 and 30, the most unreliable landmark was again, opisthocranion (a 
Type III landmark), with deviations also occurring in the orbital and zygomatic 
regions. It is suggested that perhaps spreading calipers could be used in 
combination with the digitizer, in order to more accurately determine the 
location of opisthocranion. However, the majority of landmarks could be 
reproduced with accuracy. These results mirror those of the intra observer test.
Landmarks with the Highest Discrepancies in the Inter Observer Test 
Specimen #1 vs. Inter #1:
Dacryon, Maxillofrontale, Zygotemporosuture superior, Zygotemporosuture 
inferior.
Specimen #3 vs. Inter #3:
Dacryon, Maxillofrontale, orbit4, asterion, pterion, ectomolare.
Specimen #5 vs. Inter #5:
Dacryon, Maxillofrontale, orbit 3, orbit 4, Zygotemporosuture superior, 
Zygotemporosuture inferior, ectomolare.
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Specimen #6 vs. Inter #6:
Dacryon, Maxillofrontale, orbit 1, Zygotemporosuture superior, 
Zygotemporosuture inferior.
Specimen #7 vs. Inter #7:
Dacryon, Maxillofrontale, orbit 4, Zygotemporosuture superior, 
Zygotemporosuture inferior, opisthocranion, ectomolare.
Specimen #8 vs. Inter #8 :
Dacryon, Maxillofrontale, frontotemporale, opisthocranion.
Specimen #9 vs. Inter #9 :
Dacryon, Maxillofrontale, zygomaxillare suture inferior, lambda, opthisocranion. 
Specimen #11 vs. Inter #11 :
Dacryon, Maxillofrontale, frontotemporale, opisthocranion, ectomolare. 
Specimen #13 vs. Inter #13:
Opthisocranion, frontotemporale, zygomaxillare suture inferior, ectomolare.
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Figure 29: Inter observer test. Ex: Specimen #8 vs. Inter #8 (after Procrustes 
rotation).
Figure 30: Inter observer error test. Ex: Specimen #13 vs. Inter #13 (after 
Procrustes rotation).
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The results of the analyses in this chapter indicated that there were, in 
fact, interesting patterns of morphological differences between the geographic 
groups studied. The implications of these differences and similarities for the 
study of ancestry and the success of this thesis in achieving its main aims will be 
discussed in the following chapter.
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CHAPTER 5
DISCUSSION
Introduction
This research project refutes that null hypothesis that non-metric cranial 
traits are not useful in distinguishing between geographic populations when 
metricized. The ability to increase precision and remove the subjectivity of non­
metric traits has been accomplished through this new application of 3- 
dimensional geometric morphometries. While there are some non-metric traits 
(nasal depression, nasal spine, nasal sill, and nasal overgrowth) that are not as 
useful in this analysis, specific cranial traits were captured and found to be 
reliable for distinguishing between geographic groups. This is promising 
because it shows that patterns of phenotypic variation do, in fact, exist and can 
be used to separate groups of different geographic origin based on these 
patterns.
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Distinguishing Traits 
The findings of this thesis reflect the results of studies of a similar focus by 
Strand Vidarsdottir, et al. (2002) and Ousley (2003) that both attempted to 
distinguish ancestral groupings. Strand Vidarsdottir, et al. (2002) focused on the 
ontogeny of ancestral or "regional" facial characteristics using geometric 
morphometries and found that these distinguishable traits were present at a 
young age. Therefore, the results of this study complement their findings since 
the sample in this study was comprised of solely adults, no children. Ousley's 
study (2003), on the other hand, examined the problem with "Mongoloids" and 
distinguishing them from other groups due to their traditionally large grouping 
that often includes socially defined and geographically labeled populations. 
Though he used a different method, he found that he was, in fact, able to 
distinguish between ancestral populations, even geographic location, with some 
accuracy, similar to the results of this study. The consistency of the results of 
such studies indicate that there are patterns of phenotypic variation that can be 
quantified by focusing on specific areas of the craniofacial skull.
Recommended Areas of Focus 
In this study, specific non-metric cranial traits were targeted, 'metricized' 
and found to be useful in distinguishing between the groups. These traits were 
the orbital form, nose form, the angle and the shape of the zygomatic and the 
degree prognathism present. Their strength in group separation comes from the 
fact that they are interrelated and variation in one, can affect the others. For
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example, the cranial base length was found to be related to the amount of 
prognathism found in each group. Skulls with a shorter cranial base 
(Mongoloids) exhibited less prognathism when compared to those with a longer 
cranial base (Nubians and sub-continental Indians). The angle of the zygomatic 
did actually range from projecting to vertical to retreating as expected.
However, the angle of the zygomatic directly affected the lateral rim of the orbit. 
For instance, when the zygomatic was projecting, the orbital rim was more 
rounded (Mongoloids) and when the zygomatic was retreating, the lateral rim 
was pulled down and sloped (sub-continental Indians). It is the 
recommendation of this thesis that each of these traits be the focus of further tests 
individually and collectively.
Strengths and Weakness in the Thesis 
Strengths
There were many strong points in the methodology of this research. The 
greatest strength in the methodology was the fact that the 39 landmarks selected 
were able to completely capture the form of the traits targeted. For example, 
with orbital shape, traditional indices measure the height and width only. 
However, with the method used here, the edges of the orbital rim were captured 
indicating whether the rim was rounded, squared, or sloping. These added 
details or features played a prominent role in distinguishing between groups. 
Additionally, the fact that this study was successful in distinguishing between
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phenotypically different groups suggests that this may be a useful application, 
not just for the assessment of "ancestry" or geographic populations, but also for 
analysis of other factors such as sex, age and even species. Finally, in the 
execution of the data collection, relatively large sample sizes were able to be 
studied due to the increased speed that digitizing has over traditional caliper 
methods. Because landmark data was entered directly into the computer, the 
data collection took a fraction of the time it would have with traditional methods. 
Special care must taken, though, in order to not decrease accuracy due to the 
increased speed.
Weaknesses
There were several limitations that arose in the execution of this research. 
Foremost, there were difficulties with transforming the 3-D coordinate data into 
a form that could be used in statistical tests that normally deal with 2-D, linear 
data. This limited which statistical tests could be run on the data. For example. 
Principal Components Analyses could provide graphical representation of the 
position of the individuals when plotting PCI by PC2, but the program could not 
provide the information to assess which landmarks (and hence morphology) 
contributed the separation on each PC. Also, for the same reason, Intra and Inter 
observer errors could not be mathematically calculated due to this very reason 
and the researcher was forced to rely on visual means of analysis. In order for 3- 
dimensional methods to be universally accepted in physical anthropology, more 
effort should be placed on making the method more "user friendly" when
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attempting statistical analyses, as they are a critical component of any research. 
Another weakness in the study was the uneven proportion of the sexes in the 
osteological samples. Future studies would likely try to have a more even 
sample size of males versus females, in order to identify what role, if any, sex is 
having on the variation. One other possible weakness is the differences in 
antiquity of the samples used. They ranged in age from the oldest of the 
Nubians (350 BC) to the Pre-Colombian Peruvians to the historical Chinese and 
finally, to the modern sub-continental Indians. Attempts will be made in future 
studies to find more modern collections in order to best reflect current patterned 
phenotypic variation.
Forensic Implications 
This thesis accomplished its goal of establishing a higher rate of accuracy 
in identifying geographic populations using 3-D geometric morphometric 
techniques. As a critical component of the forensic profile, the results have 
obvious implications for forensic anthropologists in practice. This method of 
'metricizing' non-metric traits can be applied to other portions of the biological 
profile like age and sex. With increased precision, forensic anthropologists can 
combat to a certain degree, much of the criticism of their methods which accuses 
them of being too subjective. This is important in the often hostile judicial 
climate in which forensic specialists operate. By making our methods more 
'scientific', we increase their validity and credibility in this context.
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Future Study
There were many areas for future study that developed from this thesis. 
While the study was successful overall, it brings many factors to light that must 
be addressed in order for the method of 'metricizing' non-metric traits to be 
more useful. To start, further efforts should be made to limit the number of 
cranial landmarks to the minimum amount required to maintain the highest 
accuracy of classification. This will, in turn, show which non-metric traits of 
those targeted in this thesis are consistently the most viable to use with the 
method. In order accomplish this, however, substantial advancements must be 
made in statistical methods to allow them to deal with 3-D coordinate data. For 
example, while PC analysis could be carried out on 3-D coordinate data, an 
assessment of which landmarks were contributing the most to the differences 
between groups could not be carried out. Such an analysis would help to rank 
the landmarks (and associated morphologies) in order of usefulness. In addition, 
an assessment of the variation, within groups, of morphologies like zygomatic 
angle are essential to determine the probability of mis-classification when using 
this non-metric trait alone, and this would help strengthen the significance of this 
methodology. Without being able to use statistics to their full capabilities, as 
shown with the PCA in this study, acceptance and adoption of the proposed 
method by other anthropologists will be limited.
There was an attempt by the researcher to quantify intra and inter 
observer error. Again, statistical constraints prevented any percentage or
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mathematical figure to be formulated. To date, the only method to express such 
error rates is visually through Procrustes fitted rotation and comparisons 
between each landmark (O'Higgins, 2004). While these visual depictions of the 
intra and inter observer were useful, it would add strength to the method to have 
a better mathematical idea of the true amount of error.
Further tests are needed to compare the proposed method and the results 
of linear metric data on the same sample. To measure a single population using 
both methods is in order to more accurately compare the results. This could be 
done by comparing the results of using the traditional caliper methods to those 
achieved using a 3-D digitizer.
Another comparison could be made by scanning a skull using a laser 
digitizer, digitizing landmarks on the virtual skull and perform the same type of 
analyses in order to compare the results to those of the other methods. The goal 
of this research has been to find a more accurate and less subjective manner of 
correctly identifying the phenotypically patterned group to which a skull 
belongs. A comparison of all of the methods would lead to a better 
understanding of which method should be used, particularly in a medico-legal 
setting, and which should be used with greater knowledge of its limitations.
Ultimately, in order for this method to become more universally accepted, 
it must be further examined and analyzed. The biggest need is for more 
geographic populations to be measured. If these subsequent tests show similar 
results to this study, then the method should accepted as a reliable alternative to
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the subjectivity of non-metric traits. This expansion must include populations 
from geographic intermediate to those used in this thesis in order to test the 
'fuzzy' boundaries between geographic groups.
The eventual application of the results of this method would be a forensic 
3-dimensional cranial database much like that of Fordisc (Ousley and Jantz, 1996). 
As opposed to Fordisc and other cranial databases like Howell's, it should have 
substantially more population groups from around the world with much larger 
samples of individuals within them. Forensic and other physical anthropologists 
would then be able to use this larger database in order to assist in the 
identification of unknown individuals.
Summary and Conclusions 
The purpose of this thesis was to test the ability of 'metricized' non-metric 
traits to distinguish between geographic populations and was found to be 
successful. The alternative hypothesis, as outlined in Chapter 1, was shown to be 
valid as this method ultimately increased the precision of correct classification 
and decreased the subjectivity associated with the non-metric traits commonly 
used in forensic ancestral identification. The form of the orbit, nose form, size 
and shape of the zygomatic, and prognathism were all found to be the most 
useful in distinguishing between the geographic groups.
The first step of this thesis was to digitize 39 craniofacial landmarks, 
paying particular attention those landmarks that were unconventional. Next, 
these digitized landmarks were converted into a 3-dimensional depictions of the
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skull measured. Mean forms of each geographic group were generated for visual 
comparison and discussion. Using the software Morphologika, thin plate spline 
analysis demonstrated the areas of greatest variation in each mean form.
Principal components analysis, was also utilized to determine if the morphology, 
captured by the landmarks, separated the 3 samples, which, in fact, they did.
The form of the orbit, nose form, shape of the zygomatic, and prognathism were 
useful in distinguishing between the geographic groups. SPSS was then used to 
perform a discriminant function analysis in order to determine how well 
unknown individuals were classified using the samples in this thesis. This was 
done to test the accuracy of 'metricized' non-metric traits to distinguish between 
geographic populations and they were found to be successful at doing so. In 
fact, this method ultimately increased the precision of classification and 
decreased subjectivity normally associated with the non-metric traits used in 
forensic ancestral identification.
Ancestral identification methods used in forensic analyses will remain 
controversial while practitioners persist in using racial labels to affiliate 
unknown individuals. However, there is no argument that patterned phenotypic 
variation does occur whether based on geographic origin or some other means of 
classification. Since there are many questions yet to be answered, this research 
should be viewed as a preliminary study to answer the demand for more 
scientific, or precise, repeatable methods that capture the variation observed by 
non-metric traits. The author believes that the results are promising and once
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more populations are added, this application should be considered as a new tool 
for forensic anthropologists in their assessment of ancestral identification. 
Overall, the increased precision that this method brings to the analysis of 
geographic origin is of a great benefit to the field of physical anthropology and, 
thus, should also be tested for its potential to enhance studies of sex, age, and 
spéciation.
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APPENDIX I
DEFINITIONS OF NON-METRIC TRATIS USED IN STUDY
(From Rhine, 1990)
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Definitions
Base Chord: scored "short", "medium" or "long" based on the distance 
From basion to opisthocranion compared to the distance fomr 
basion to prosthion.
Base Angle: is "high" or "low." It is the angle formed by the basion-
Opisthion plane compared to a plane projected posteriorly from the 
palate.
Orbital Shape: (obliquity of the orbit) tendency towards a "rounded", 
"rectangular", or "sloping" orbit, the latter being a lateral 
inclination of the orbit.
Nasal Opening: the opening is triangular, flared widely in the base, or 
flared centrally, and at the base as well.
Nasal Depression: the deepest point of curvature of the nasal bones just 
inferior to nasion is deeply depress, slightly depressed, or straight.
Nasal form: (also defined by Brues, 1990) whether the nasal bones as 
viewed from a somewhat inferior position are high and steeply 
angled (steeple), wider and slightly concave (tented), or low and 
smoothly rounded (quonset hut).
Nasal spine: large or small depending upon the amount of projection.
Nasal sill: where vertical maxillae create a sharp ridge separating the nasal 
cavity from the maxillae. If this ridge is high, it is scored as "deep", 
if shallow, it is scored as "shallow", and if a ridge is lacking, it is 
"blurred". A smooth curve leading from the maxillae into the nasal 
aperture without interruption is "guttered."
Nasal overgrowth: projection of the ends of the nasal bones slightly 
beyond the maxillae.
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Zygomatic projection: in norma lateralis, a line is dropped from the
middle of the upper margin of the orbit to the middle of the lower 
margin; produces an angle of more than 90 degrees with the 
Frankfort plane it is "projecting", 90 degrees is "vertical", and less 
than 90 degrees is "retreating".
Prognathism: scored "large", "medium" or "none", depending upon the 
amount of alveolar projection.
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APPENDIX II 
LANDMARKS LISTED BY NUMBER
1. Dacryon (d)
2. Maxillofrontale (mf)
3. Orbit 1 (ol)
4. Orbit Eleight (oh)
5. Orbit 2 (o2)
6. Ectoconchion (ec)
7. Orbit 3 (o3)
8. Orbitale (or)
9. Zygorbitale (zyo)
10. Orbit 4 (o4)
11. Frontomalare Temporale (fmt)
12. Zygomatic 1 (zyl)
13. Jugale (ju)
14. Zygotemporosuture superior (zts)
15. Zygotemporosuture Inferior (zti)
16. Zygomaxillare inferior (zma)
17. Zygomatic 2 (zy2)
18. Nasion (na)
19. Nasal 1 (nl)
20. Nasal 2 (n2)
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21. Nasal 3 (n3)
22. Nasal 4 (n4)
23. Pronasale (pna)
24. Nasal 6 (n6)
25. Alare (al)
26. Nasioalare (nal)
27. Nasiospinale (ns)
28. Prosthion (pr)
29. Infradentale Superior (ids)
30. Bregma (b)
31. Lambda (1)
32. Opisthocranion (op)
33. Asterion (ast)
34. Pterion (pt)
35. Opisthion (o)
36. Basion (ba)
37. Staphylion (st)
38. Olare (ol)
39. Ectomolare (ecm)
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APPENDIX III
DATA COLLECTION EORMS
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APPENDIX IV
PRINICIPAL COMPONENT SCORES
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PCA Eigenvalues Proportion Cumulative
Prin 1 8.38E-04 1.67E-01 1.67E-01
Prin 2 4.48E-04 8.91E-02 2.56E-01
Prin 3 3.65E-04 7.27E-02 3.29E-01
Prin 4 3.16E-04 6.30E-02 3.92E-01
Prin 5 2.35E-04 4.67E-02 4.38E-01
Prin 6 2.05E-04 4.08E-02 4.79E-01
Prin 7 2.02E-04 4.02E-02 5.19E-01
Prin 8 1.83E-04 3.65E-02 5.56E-01
Prin 9 1.45E-04 2.89E-02 5.85E-01
Prin 10 1.35E-04 2.69E-02 6.12E-01
Prin 11 1.30E-04 2.58E-02 6.38E-01
Prin 12 l.lOE-04 2.18E-02 6.59E-01
Prin 13 1.05E-04 2.08E-02 6.80E-01
Prin 14 9.84E-05 1.96E-02 7.00E-01
Prin 15 9.00E-05 1.79E-02 7.18E-01
Prin 16 8.56E-05 1.70E-02 7.35E-01
Prin 17 7.94E-05 1.58E-02 7.51E-01
Prin 18 7.59E-05 1.51E-02 7.66E-01
Prin 19 6.62E-05 1.32E-02 7.79E-01
Prin 20 6.22E-05 1.24E-02 7.91E-01
Prin 21 5.96E-05 1.19E-02 8.03E-01
Prin 22 5.52E-05 l.lOE-02 8.14E-01
Prin 23 5.25E-05 1.05E-02 8.25E-01
Prin 24 5.01E-05 9.98E-03 8.35E-01
Prin 25 4.33E-05 8.62E-03 8.43E-01
Prin 26 3.97E-05 7.91E-03 8.51E-01
Prin 27 3.92E-05 7.81E-03 8.59E-01
Prin 28 3.69E-05 7.35E-03 8.66E-01
Prin 29 3.46E-05 6.89E-03 8.73E-01
Prin 30 3.26E-05 6.49E-03 8.80E-01
Prin 31 3.05E-05 6.07E-03 8.86E-01
Prin 32 3.01E-05 5.99E-03 8.92E-01
Prin 33 2.85E-05 5.68E-03 8.97E-01
Prin 34 2.74E-05 5.45E-03 9.03E-01
Prin 35 2.61E-05 5.20E-03 9.08E-01
Prin 36 2.45E-05 4.87E-03 9.13E-01
Prin 37 2.41E-05 4.81E-03 9.18E-01
Prin 38 2.25E-05 4.47E-03 9.22E-01
Prin 39 2.03E-05 4.05E-03 9.26E-01
Prin 40 1.96E-05 3.90E-03 9.30E-01
Prin 41 1.93E-05 3.84E-03 9.34E-01
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PCA Eigenvalues Proportion Cumulative
Prin 42 1.78E-05 3.55E-03 9.38E-01
Prin 43 1.67E-05 3.32E-03 9.41E-01
Prin 44 1.59E-05 3.17E-03 9.44E-01
Prin 45 1.47E-05 2.92E-03 9.47E-01
Prin 46 1.33E-05 2.64E-03 9.50E-01
Prin 47 1.32E-05 2.62E-03 9.52E-01
Prin 48 1.25E-05 2.49E-03 9.55E-01
Prin 49 1.23E-05 2.45E-03 9.57E-01
Prin 50 1.13E-05 2.25E-03 9.59E-01
Prin 51 1.08E-05 2.16E-03 9.62E-01
Prin 52 1.05E-05 2.09E-03 9.64E-01
Prin 53 1.02E-05 2.03E-03 9.66E-01
Prin 54 9.79E-06 1.95E-03 9.68E-01
Prin 55 9.13E-06 1.82E-03 9.69E-01
Prin 56 8.60E-06 1.71E-03 9.71E-01
Prin 57 8.18E-06 1.63E-03 9.73E-01
Prin 58 7.58E-06 1.51E-03 9.74E-01
Prin 59 7.39E-06 1.47E-03 9.76E-01
Prin 60 7.06E-06 1.41E-03 9.77E-01
Prin 61 6.22E-06 1.24E-03 9.78E-01
Prin 62 5.87E-06 1.17E-03 9.80E-01
Prin 63 5.82E-06 1.16E-03 9.81E-01
Prin 64 5.62E-06 1.12E-03 9.82E-01
Prin 65 5.17E-06 1.03E-03 9.83E-01
Prin 66 5.13E-06 1.02E-03 9.84E-01
Prin 67 4.75E-06 9.47E-04 9.85E-01
Prin 68 4.71E-06 9.38E-04 9.86E-01
Prin 69 4.48E-06 8.93E-04 9.87E-01
Prin 70 3.98E-06 7.92E-04 9.88E-01
Prin 71 3.91E-06 7.79E-04 9.88E-01
Prin 72 3.86E-06 7.68E-04 9.89E-01
Prin 73 3.46E-06 6.90E-04 9.90E-01
Prin 74 3.33E-06 6.63E-04 9.90E-01
Prin 75 3.18E-06 6.33E-04 9.91E-01
Prin 76 3.01E-06 6.00E-04 9.92E-01
Prin 77 2.92E-06 5.82E-04 9.92E-01
Prin 78 2.88E-06 5.73E-04 9.93E-01
Prin 79 2.77E-06 5.51E-04 9.93E-01
Prin 80 2.44E-06 4.86E-04 9.94E-01
Prin 81 2.36E-06 4.69E-04 9.94E-01
Prin 82 2.20E-06 4.37E-04 9.95E-01
Prin 83 2.01E-06 4.00E-04 9.95E-01
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PCA Eigenvalues Proportion Cumulative
Prin 84 1.87E-06 3.73E-04 9.96E-01
Frin 85 1.79E-06 3.56E-04 9.96E-01
Prin 86 1.69E-06 3.38E-04 9.96E-01
Prin 87 1.66E-06 3.31E-04 9.97E-01
Prin 88 1.55E-06 3.08E-04 9.97E-01
Prin 89 1.49E-06 2.96E-04 9.97E-01
Prin 90 1.34E-06 2.68E-04 9.97E-01
Prin 91 1.25E-06 2.48E-04 9.98E-01
Prin 92 1.14E-06 2.28E-04 9.98E-01
Prin 93 l.lOE-06 2.19E-04 9.98E-01
Prin 94 1.03E-06 2.05E-04 9.98E-01
Prin 95 9.27E-07 1.85E-04 9.99E-01
Prin 96 8.45E-07 1.68E-04 9.99E-01
Prin 97 8.21E-07 1.64E-04 9.99E-01
Prin 98 7.38E-07 1.47E-04 9.99E-01
Prin 99 6.70E-07 1.33E-04 9.99E-01
Prin 100 6.17E-07 1.23E-04 9.99E-01
Prin 101 5.79E-07 1.15E-04 9.99E-01
Prin 102 5.39E-07 1.07E-04 9.99E-01
Prin 103 4.69E-07 9.35E-05 l.OOE+00
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